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T the meeting of the National Academy of 
Sciences and the American Physical Soci- 

ety, held in Washington, D. C., April 24th and 
April 27th, respectively, we made our first public 
presentation of the evidence for the existence of 
a theretofore unsuspected cosmic-ray effect 
which we called ‘“‘The Longitude Effect.’’ This 
evidence consisted in the projection and discus- 
sion of Figs. 1 and 2, again reproduced herewith. 
In the first of these were collected the readings of 
our self-recording, Neher 
troscope, when taken inside its 10 cm lead shield, 


vibration-free, elec 
on four separate passages made in the interval 
November 1932 to January 1934, between Los 
Angeles and the western coast of South America. 

The curve shows an equatorial dip of 7 percent 
in terms of the mean Los Angeles reading of 
these electroscopes It was because this equa- 
torial dip was only about half that reported by 
Clay on the other side of the world, and by some 
other that we took 
extreme precautions to check and recheck it, and 


observers on this side, 
to withhold final publication until this had been 
done with the utmost care 

In our effort to obtain accuracy, we had the 
great good fortune of being able to place one of 
our self rece rding elec troscopes, inside its 10 cm 
lead shield, on Allan Hancock's 
yacht, the Velero III, which was going on a three 
month’s cruise to Guayaquil and the islands off 


Captain G. 


the coast of Equador. It required no attention 
save to have the clock wound once in two days 
the fact that Hancock 
stopped three times for 9 and 10 days at a time 


Because of Captain 


in three different ports in the equatorial belt 
(see the three adjacent circles Fig. 1), and also 
for 10 days in Los Angeles harbor (uppermost 
circle), the mean intensity in each one of these 
points, as well as in intermediate latitudes where 
his three day stops were made, was determined 
with much greater accuracy than had theretofore 
been attained. 

In Fig. 1 are also found the readings obtained 
on the other trips, and they are all seen to be in 
good agreement, but the findings on the Velero 
III were given especial weight in the fixing of the 
precise position of the curve of Fig. 1. Fig. 3 
shows a bit of the developed film. The rate of 
discharge during an hour's run is given by the 
slope of each diagonal line of this film. The mean 
of 24 of these slopes gives the mean intensity for 
that day, and the mean of 247 = 168 slopes the 
mean for a week. 

In ig. 2 we showed the readings ofa precisely 
similar electroscope when placed, in August 1933, 
in the room of Captain Cullen of the Dollar Line 
ship, President Garheld, and carried on a voyage 
around the world starting from Los Angeles. 
Three months later after the return of the ship 
to Los Angeles, following her world cruise to 
Honolulu, Japan, the China coast, Singapore, 
Ceylon, the Red Sea, the Mediterranean, the 
Atlantic to New York, and then back to Los 
Angeles via Panama, we remoyed and developed 
the film in the Norman Bridge Laboratory and 
found a remarkably good record until New York 
was reached. The results of this record were in- 
corporated into Fig. 2, which shows a 12 percent 
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Fic. 3. Neher electroscope 


dip in going into the equatorial belt on the Asi- 
atic side of the earth instead of the 7 percent dip 
shown in Fig. 1 on the South American side. 
This “longitude effect” thus brought 
sharply to light with the measurement of this 
film which was completed January 10, 1934. In 
presenting these results to the Physics Club in 
Pasadena, immediately thereafter, and also to 
the Physical Society in April, we pointed out that 
the value of the horizontal component of the 
earth's magnetic field is 0.4 gauss in the Singapore 
area and but 0.3 gauss in the equatorial belt off 
South America, a fact which prompted our sug- 
gestion that the dissymmetry in the earth's 
the earth's 


was 


magnetic field as manifested at 
surface is also reflected in the regions thousands 
of kilometers above the surface where the in- 
coming electrons must in the main receive their 
deflections. At any rate these observations put 
into our hands, for the first time, a method of 
studying the shape of the earth's magnetic field 
far above the earth’s surface, instead of merely 
at the surface as heretofore.' 

. Professor Clay informs us by letter that he made the 


discovery of the longitude effect independently as a result 
of an expedition between Amsterdam and Batavia, via 


hourly discharge record. 


Since last April when the foregoing results 
were reported both to the American Physical 
Society and the National Academy of Sciences, 
and publicly and critically discussed with the 
who are interested in cosmic-ray 
surveys, we have, in June 1934, 
shielded and one unshielded, Neher electroscope, 
in the room of First Officer Graham, just back 
of the bridge of the S. S. Monterey of the Matson 
Line, and got an excellent record both going and 


coming between Los Angeles and Sidney, Aus- 


physicists 
placed one 


tralia, in the case of the shielded electrosc« ype, and 
a good record in the unshielded one on the way 
down. Further, we have sent another unshielded 
electroscope on a vovage between Los Angeles 
and Mollendo. 

All of the results thus far taken with our elec- 
troscopes shielded with 10 cm of lead, ar 
graphed together in Fig. 4 and those taken with 
unshielded electroscopes in Fig. 5. It will be seen 
too that the mean of 10 days of readings in Los 


Angeles harbor is nearly a percent lower than 
Suez going, via Capetown returning, made between Se} 

tember 1933, and January 1934, the results of which he 
commented upon very briefly in Physica, March 1934, p 
363, and more at length under the designation ‘‘Longitude 
Effect’’ in Physica, August 1934, p. 829 
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the mean of the readings that we have taken with 
two different electroscopes on a voyage between 
Los Angeles and Vancouver which mean agrees 
quite accurately with readings taken with one 
of the same electroscopes in New York and also 
with the reading taken on the 1930 trip from 
Pasadena to Churchill, Manitoba; so that the 
total equatorial dip on the west coast of South 
America referred to Los Angeles is just over 7 
percent while referred to the mean values between 
Pasadena and Churchill, Manitoba, it is as 
shown in Figs. 4 and 5 close to 8 percent and is 
essentially the same for both shielded and un- 
shielded electroscopes. The films taken in all 
these trips are preserved in the Norman Bridge 
Laboratory and may be checked by anyone who 
may so desire. 

All these observations seem to us to place both 
the existence and the magnitude of the longitude 
effect in the equatorial belt beyond the possi- 
bility of doubt. To Captain G. Allan Hancock, 
owner and Captain of the Velero III, to Captain 
Cullen of the President Garfield of the Dollar 
Line, and to First Officer Graham of the Mon- 
terey of the Matson Line, all of whom kept our 
log as requested and saw that our clocks were 
wound along with their chronometers, we owe 
the discovery, so far as we are concerned, of the 
longitude effect in cosmic rays. 

The very existence of such a magnetic dis- 
symmetry extending far out into space raises 
certain important questions. It is well known that 
the surface dissymmetry in the earth's magnetic 
field is such that the line connecting the surface 
poles passes several hundred km to one side of 
the earth's center. The foregoing evidence that 
some such large dissymmetry extends thousands 
of miles above the surface is in strictness incon- 
sistent with the idea of the existence of a ‘‘mag- 
netic latitude’’ at all, since by definition this 
involves symmetry about a line passing through 
the earth’s center. Even in the past there has 
been some uncertainty as to what position on the 
earth's surface should be taken as ‘‘the pole” 
from which to measure magnetic lattitude. The 
directly observed position of the north magnetic 
pole is at 70° N, 96° W, and the first term in the 
usual Fourier expansion, as made by Gauss, 
locates this virtual pole far away from the ob- 
served pole, namely, at 78° 30’ N, 69.08° W. 

In view of this uncertainty, in our own work 
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we tried to forget that we knew anything about 
the position of ‘‘a pole’’ and simply searched by 
the trial and error method for that point which 
when used as a pole would permit our readings, 
taken all around the globe, to remain everywhere 
as nearly as possible the same in the same lati- 
tude as measured from this point, the critical 
magnetic latitudes being between 25° and 40° 
where the sea level cosmic-ray intensity is 
varying most rapidly with northward or south- 
ward motion. We found that the largest degree 
of such consistency was obtained from our whole 
series of observations for a point very close to 
78° N, 69° W and only a degree or two of de- 
parture from this point distinctly injured our 
consistency. So that the common practice of 
taking about this point from which to measure 
magnetic latitude is to a certain extent here 
experimentaily justified. The considerations here 
advanced, however, warn against expecting 
complete consistency in cosmic-ray readings 
along all so called magnetic latitude lines. 


SYNOPSIS 


(1) The sea-level intensity of cosmic rays, 
obtained as a mean of observations lasting ten 
days in a given locality, is found to be 7 percent 
lower at the magnetic equator off Peru than in 
Los Angeles Harbor, and 8 percent lower than 
the mean value between Pasadena and Churchill, 
Manitoba, the beginning of the decline in inten- 
sity setting in sharply a few miles south of 
Pasadena in magnetic latitude 42. (2) Within 
the limits of observational uncertainty the 
change in sea-level intensity is symmetrical on 
both sides of the magnetic equator. (3) The 
corresponding decrease in sea-level intensity on 
the other side of the world, i.e., in going from 
magnetic latitude 42 to the magnetic equator in 
the neighborhood of Singapore, is 12 percent. 
(4) In going through the equatorial belt in an 
intermediate longitude as measured in voyages 
between Los Angeles and Sydney, Australia, the 
corresponding equatorial dip was found to have 
the intermediate value of 10 percent. 

We desire to express our thanks to the Car- 
negie Corporation of New York and the Carnegie 
Institution of Washington, for providing the 
funds with the aid of which these researches have 


been carried out. 
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A Simplification of Prins’ Formula for Diffraction of X-Rays by a Perfect Crystal 


FRANKLIN MILLER, JR., Ryerson Physical Laboratory, University of Chicago 
(Received December 18, 1934) 


The intensity formula of Prins for diffraction of x-rays 
by a perfect crystal has been simplified so that F(/) is a 
real, single-valued, algebraic function of /, the deviation of 
the glancing angle from the corrected Bragg angle. By 
neglecting absorption in the crystal, Darwin’s formula is 
obtained in a new form. By differentiation the maximum 
ordinate of the diffraction pattern is obtained. To calculate 
percent reflection (i.e., maximum ordinate of the rocking 
curve of a double crystal spectrometer in the 1, —1 posi- 


tion) fe r0a and ae F*(Ddl are needed, and these 


integrals have been evaluated analytically for Darwin's 
case of no absorption, leading to a value of 4/5 for P(0). 
To include absorption F(/) has been expanded into a series 
in powers of B/D and an approximate formula obtained for 
P(0) in terms of the constants of the crystal. This formula 
agrees with the graphically determined values of P(0) to 
within a few percent. 





INTRODUCTION 


HE shape of the x-ray diffraction of a crystal 

is of some interest, since a knowledge of the 
variation of reflected intensity with glancing 
angle is an essential part of the theory of the 
x-ray spectrometer. Unfortunately, as shown by 
v. Laue,’ the shape of the diffraction pattern 
cannot be observed directly with the double 
crystal spectrometer. The method of Smith? for 
calibrating a double-crystal spectrometer cannot 
be applied to calculation of the diffraction pat- 
tern, although it gives’ the true shape of a 
spectrum line regardless of the diffraction 
pattern assumed. The method of checking any 
theoretical curve remains, therefore, to make 
observations upon related quantities such as half- 
width, percent reflection, etc., which can be cal- 
culated from the theory assumed, and hence 
obtain indirect evidence for or against the theory 
proposed. 

In this manner Allison‘ and Parratt® have in- 
vestigated the applicability of the Darwin- 
Ewald-Prins® theory of x-ray reflection from a 
perfect crystal and have observed specimens of 
calcite approaching ‘‘perfection’’ in the sense 
that the predictions of the theory are fulfilled 
over certain wavelength ranges. 


1M. von Laue, Zeits. f. Physik 72, 472 (1931). 

*L. P. Smith, Phys. Rev. 46, 343 (1934); L. P. Smith, 
paper at Pittsburgh meeting of the American Physical 
Society, 1934. 

*L. G. Parratt, Phys. Rev. 46, 749 (1934). 

*S. K. Allison, Phys. Rev. 41, 1 (1932). 

*L. G. Parratt, Phys. Rev. 41, 561 (1932). 

*C. G. Darwin, Phil. Mag. 27, 325 and 675 (1914); P. P. 
Ewald, Ann. d. Physik 54, 519 (1917); P. P. Ewald, Phys. 
Zeits. 26, 29 (1925); J. A. Prins, Zeits. f. Physik 63, 477 
(1930). 





In order to carry through the analysis for any 
crystal, a great deal of laborious calculation 
must be done and many graphical integrations 
performed. It is the purpose of this paper to give 
a simplification of the algebraic form of Prins’ 
formula, so that the labor of computation is 
greatly reduced, and to apply approximate 
methods to some of the integrals involved in 
order to obtain an approximate formula for 
percent reflection in terms of the constants of the 
crystal. 


SIMPLIFICATION OF PRINS’ FORMULA 


Using the notation of Parratt,® replacing his 
symbol A by the symbol D, we have for Prins’ 
characteristic function 


| (D++4B)/é : 


= —————|, (1) 





)—i8/6-+ {(0—i8/8)*—[(D+4B)/8}*}4\ ' 


where / is the only variable and is the deviation 
of the glancing angle from the corrected Bragg 
angle (@=@o.+46 sec 6) csc 6) in units of 
5 sec 6) csc @. F(l) is the ratio of intensity dif- 
fracted at an angular deviation / to the incident 
intensity. The constants of the crystal have been 
discussed in several places,® ’ and we will only 
note that B and 8 are related to uw; so that for no 
absorption both are equal to zero. The constants 
may be calculated for any crystal; for \2.299A 
on calcite in the first order 8/6=0.059 and 


7A. H. Compton and S. K. Allison, X-Rays in Theory 
and Experiment, D. Van Nostrand and Co., 1935, page 375. 
F(2) is there given the notation J’(/).) ° 
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B/D=0.084, and are less for shorter wave- 
lengths.* 

In Eq. (1) the square of the absolute value of 
the complex quantity must be formed, and the 
ambiguity of sign is to be resolved so that 
F(}) =1. Upon multiplying the two values of 
F(}) together, we see that 


F\() F,(l) =1, (2) 
a result to be used later. We may write Eq. (1) as 
Fi) = 1—ip/8 { (1—iB/8)?—[(D+4B) /6 }*} |. on 
(D+1B)/6 
and upon writing out the numerator and defining 
a? = ( D* + 8? — B*) /? (3a) 
Eq. (3) becomes 
F(D) = 6*(D?+ B*)~! | 1—1B/6 
+ | (?—a*) — 21(8/5)(1+ DB/5B)}*\*. (4) 
We have 
(A+iB)'=+[+{34+}(A?+B?)!}! 
+i{ —§$A+}(A?+B?)!} 4], 


where the inner + has the sign of B, so that we 
may write 


F(l) = 6*(D?+ B*)—"|1—18/6+ | + P'!+i1Q4}|, (5) 
where P and Q are real functions of / and 
P+Q= | (P—a’*)*+48°(1+ DB/5p)?/8*}?. 
Thus, finally, 
F(}) = 6°(D?+ B*) [2 +62/8+P+Q 
+ {+2/P!—280'/5} |. (6) 


Eq. (6) may be simplified considerably by 
defining 


G(D = 8*(D?+ B*)"[P?+8?/ 6? 
+ { (/?—a*)?+487(1+ DB/58)?/5?}*)}, (7) 
H(l) = 6°(D?+ B*)—'[ + 21P! — 2801/6 ], (8) 
so that making use of Eq. (2) we must have 
(GA)+HD)ILGO —HD))=1. (9) 
* In Parratt, Phys. Rev. 41, 561 (1932), the fifth column 


in Table II on page 571 should be headed ‘B/8"’ instead of 
“8, agg 
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Fic. 1. Prins’ function and Darwin's function (which 
neglects absorption) are plotted. Eq. (16) represents a 
series approximation to Prins’ function which may be used 
between /, and /2. 


Hence //(l) = {G*(/)—1}', and it may easily be 
shown that G(/)=//(1)=1 for all values of 1, so 
that for F(?) we want G(/) —H/(/), or 


F(l) =G() —(G*()) —1 }}. (10) 


G(l), defined by Eqs. (7) and (3a), is real, 
positive, single-valued, =1 for all values of /, and 
involves only the square-root of a real, positive 
polynomial in /. 

An alternative form of Eq. (10), adapted to 
rapid calculation, may be written as 


F(l) =e-*, (11) 
cosh y =G(2). (12) 


where 


Upon calculation of G(/) for any angle, F(/) may 
be found at once upon reference to ordinary 
tables of e~* and cosh x. 

If B=B8=0, we have Darwin's case of no 
absorption, and a? = D® §*. For no absorption also 
D/i=B/8=F/Z, where F is the crystal structure 
factor and Z is the number of electrons per unit 
cell. Darwin’s formula may therefore be written 
in the new form 


F?(l) =(F2/Z2)( l= {P—F2/Z244}2, (13) 


where the upper sign is for / > FZ, the lower sign 
is for 1< —F/Z, and for the region — F/Z=I- 
+F/Z F?=1 is to be used. Fil) and F?(I) are 
plotted in Fig. 1, and it will be seen that the two 
differ markedly only in the region for which 
Darwin's theory predicts F?(/) =1. 

So far we have considered only o-polarization 
of the incident beam, in which the electric vector 
is perpendicular to the plane of incidence. To 
obtain F,(}), D and B must be replaced by 
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FORMULA FOR 


D cos 26, and B cos 26, respectively, and for 
incident unpolarized radiation we will have 
F() =43 F.(E) +3 FD. 


CALCULATION OF PERCENT REFLECTION 


Of the various theoretical predictions based 
upon the shape of F(/), the percent reflection is 
perhaps the easiest to calculate and to measure. 
Defined as the ratio of the maximum intensity 
obtainable from the second crystal of a double 
crystal spectrometer in an (7, —m) position to 
the maximum intensity upon that crystal, it is 


(| F.*()dl+ | F.*()dl) 


@ oe 


P(0) =— , (14) 


( [Fatt [ F.at) 


1° © 


given® by 


and for Darwin's case by 


pte too 
Po=(| raat) /(f Fadl). (15) 


Using Eq. (13), it is a simple matter to evalu- 
ate the integrals for Darwin's case analytically, 
with the result that 

ara 
/ F,2()dl = 32F/15Z; 


0? 


the result 
F,(l)dl=8F/3Z 


o_o 


had been obtained in 1914 by Darwin." Dividing, 
we obtain P(0)=4/5, a result to be compared 
with the value 0.798. obtained by graphical 
integration of the numerator by Allison.‘ 

For Prins’ case, which includes absorption, a 
similar analytic expression could not be obtained, 
and if an accurate value of P(0), half-width of 
the rocking curve, or coefficient of reflection R., 
is desired, graphical integration, made easier by 
the new form of F(/), must be used. However, an 
approximate expression for the predicted value 
of P(0) may be derived as follows: 

* See reference 7, page 722, for a derivation of these ex- 


pressions. 
1 C. G. Darwin, Phil. Mag. 27, 675 (1914). 
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F()) is expanded into a power series in B/D, 
which vanishes with the absorption, using the 
binomial theorem and Eq. (10) or proceeding 
directly from Eqs. (11) and (12). The result is, 
for the region —D/i<1<+D/é, (PF <a’), 


l+k (l+k)? 
F(l) =1—2d— ar hei We ci (16) 


(a? —]?)! a*—/[? 


where for convenience we have written d= B/D, 
a=D/é, k=8D/Béi=a(8/B)><a. Eq. (16) forms 
the first three terms of an exponential series, as 
might be expected from Eq. (12), and for Dar- 
win's case d=0 and k=1, and Fil) reduces to 
unity for this region, as it should. 

For the outer regions, a similar series is ob- 
tained, lacking a term in d, accounting for the 
close agreement of Prins’ function with Darwin's 
in these regions (see Fig. 1). 

By differentiation of Eq. (16) is found that the 
series has minimum values equal to 0.5 for two 
values of 1, 1;,=—a+2(k—a)*d*/a and =a 
—2(k+a)*d?/a, and becomes infinite for ]= +a. 
Thus the series may be used between these 
values of 1], which are approximately at +a. Eq. 
(16) is plotted in Fig. 1. 

To evaluate the integrals required in Eq. (14), 
series (16) is used between /; and J», and Darwin's 
formula (13) is used for the other regions. The 
areas neglected are small, depending upon da’, 
and tend to compensate each other. In this 
manner the following expression is obtained : 


8N —2(1—6d?)P+80R—4S—110+U 


P(0)= - — . , (17) 
5(2+3d?)N—P+2QR—S—4Q 

where 

N=4a/15, 


P = 2kd[ sin~'(l./a)+sin™ (—1,/a) }, 
Q=d*(k?+a") /a, 
R=tanh~'(/,/a)+tanh—'(—/,/a), 

S =4kd? log.[ (k+a)/(k—a) }, 

U = 16k*d*{ 3+ (k*/a*)} /a; 
—l,/a=1—2d*(k—a)?*/a’, 

l,/a = 1—2d*(k+a)?/a?; 

and 

a,=D/é; a,=(D/4) cos 24, 
d,=d,=B/D; k,=k,=(8/B)a=8D/ Bi. * 
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As given in Eq. (17) o-polarization only is con- 
sidered. To correct for this the numerator and 
denominator must be written as sums of two 
terms, one using a,, d, and k throughout, and the 
other using a,, d, and k. However it probably is 
not worth the trouble, as Eq. (17) gives results 
to about 5 percent without making the correc- 
tion. 

For 42.299 on calcite, Parratt® obtains for the 
calculated percent reflection P(0) =57.8 percent, 
using graphical integration. Eq. (17) gives as an 
approximation to this calculated value P(0) 
=60.8 percent without making the correction, 
and P(0) =60.5 percent when polarization is con- 
sidered. Series (16) represents Prins’ funetion 
best for fairly soft x-rays, when F(-+a) is close 
to 0.5, and this is exactly the region where agree- 
ment of experiments with Prins’ function seems 
best.’ Eq. (17) is therefore useful for checking 
rapidly the percent reflection according to 

¢ Prins’ theory, and as a test of the perfection of a 
particular crystal specimen referred to Prins’ 
theory a fairly long wavelength should be used, 
not too close to a critical absorption limit of the 
crystal. 

The experimental results of Parratt’ tend to 
show that the percent reflection is much more 
sensitive to slight imperfections of the crystal 
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than is the half-width of the rocking curve, so 
that the means of estimating the calculated 
percent reflection outlined above should be useful 
in judging the degree of perfection of a crystal 
specimen. 

The method of computation given in Eqs. (10) 
to (12) is exact, and makes it very much easier 
to compute the curves, should graphical inte- 
grations be deemed necessary. 

It is interesting to note that since F(/) in the 
exact (Prins) form has been reduced to an 
ordinary real algebraic function of /, its deriva- 
tive may be set equal to zero and the maximum 
ordinate calculated. It is readily found from Eq. 
(10) that the maximum ordinate of the diffrac- 
tion pattern occurs for 4,=—BD/86 for e- 
polarization and for /,= —(BD/88) cos* 26) for 
x-polarization. The maximum ordinate is F,(/9) 
=[ (6?+ D*)!— (8? — B*)! #/(D*?+ B*), with a cor- 
responding expression for F,(lo). These reduce 
to unity for no absorption, as they should, and 
serve to give a rapid estimate of the extent of 
deviation of Prins’ function from Darwin's ideal 
case. 

The author wishes to express his appreciation 
of stimulating and helpful with 
Professor S. K. Allison concerning many of the 
concepts involved in this paper. 
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Band Spectrum of Barium Hydride at 10,000A 


Wittiam W. Watson, Sloane Physics Laboratory, Yale University 
(Received December 10, 1934) 


A BaH band with principal head at 10,052A degraded to the red is (0,0)*IIly->*2, the lower 
state being the same as for the other BaH systems. By* = 3.280, Dyp= —1.310~ and the A- 
doubling is large and negative. This *II state as well as the upper *= state for the 8924A band 
must be derived from Ba *P +H *S. The origin of a perturbation in the *IIy, levels at J =20} 











is discussed. 





N a recent investigation’ the existence of a 
BaH band with principal head at 10,052A 


TABLE I. Assignment of frequencies for the 10,052A (R; head) 
*II—"> (0,0) BaH band. cm units. 











degraded to the red was noted. The sign and J’ 44 SRy, 0: RO, Rs 
magnitude of the spin doubling of the upper > 2 r o81 30 a a 
state of the *=-*> bands at 8924A indicated 5 60.30 91.76 9924.50 27.89 
strong interaction with a near-lying lower *II 6 ar roy -- = ae 
state which might be involved in the bands on 8 86.74 79.43 31.09 34.74 
the long wavelength side of 10,000A. Using an - elas ao 7 a 
Eastman 144-Q plate, a spectrogram with BaH 11 11.57 65.81 36.33 39.88 
lines out to 10,250A has now been obtained. + ae — 7-73 41.26 
Analysis shows these to belong to the *II,, 14 34.47 30.97 39.88 43.35 
portion of a *II—*= band, having the same lower - aan = as <s 
state as the other BaH band systems'~ and with 17 55.06 34.60 41.35 44.70 
an upper state which displays through its large o a a 4138 44.61 
A-doubling the suspected interaction with the 20 72.15 16.14 40.49 43.53 
neighboring *= state. Though incomplete because = ao rH ay 2.53 
of the limitations on the photography of spectral 23 91.18 799.60 37.71 , 
lines of low intensity in this infrared region, = 4 a 

these measurements yield sufficient information 26 103.89 77.47 

as to the character and position of this new BaH = oa 70.16 

state. The light source was a 220-volt d.c. arc 29 13.91 

carrying 2 amperes between a water-cooled a 

copper anode and a hollow copper cathode filled 32 20.59 

with metallic barium in an atmosphere of hy- ao 


drogen at about 5 cm pressure. The exposure 
time was six hours, using the first order of the 
21-foot concave grating in a stigmatic mounting 
which gives a dispersion of 4.7A/mm. 

Table I contains the quantum assignments of 
the frequencies in this band. J” values were first 
assigned to the lines of the prominent *R,, and 
Q: branches by means of the combination dif- 
ferences 5R2:(J) — Q2( J +1) =7T2"(J+1)-—Ti" (J) 
obtained from the *II-* band in the visible red 


1W. W. Watson, Phys. Rev. 43, 9 (1933). 

?W. R. Fredrickson and W. W. Watson, Phys. Rev. 39 
753 (1932). 

24. Schaafsma, Zeits. f. Physik 74, 254 (1932); G. Funke 
Zeits. {. Physik 84, 610 (1933). 








region. The identity of these differences in the 
two bands as given in Table II shows this to be 
a *II,,—*= (0,0) band with the same lower state 
for both bands. R;- and “Q2)-branch assignments 
were then made principally with the aid of the 
known lower-state spin doubling values. A few 
P;- and *P:,-branch lines of low intensity for 
small J values are observed, but since they fall 
in the region which contains many lines of the 
R; and *Q:2,-branches of the (1,1) band, we do 
not consider their assignment definite enough to 
justify inclusion in Table I. 

The rotational energy term constants for this 
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TABLE I1. Combination differences in the 10,052A *T1,;—°= 
BaH band. 








SRo(J)—Qe(J+1) AsT2-'(J) ArT 24'(J) Ava. 





J" + j 





10,000A ° 6730A 
4 59.48 59.48 
5 72.37 72.49 0.07 
6 85.47 85.29 78.52 78.25 +0.14 
7 98.73 98.59 91.44 91.33 0.14 
x 111.72 111.70 104.35 104.71 —0.27 
9 124.65 124.64 117.33 117.07 —0.13 
10 137.68 137.66 130.24 129.98 0.39 
11 150.65 150.51 142.99 142.58 —0.42 
12 163.31 163.26 155.78 155.55 ~0.58 
13 176.09 175.95 168.47 168.35 —0.64 
14 188.83 188.70 180.84 180.65 - 1.00 
15 201.41 201.36 193.34 = 1191.95 1.15 
16 213.88 213.86 205.72 205.56 ~1.30 
7 226.31 226.33 217.93 1.49 
18 238.79 238.70 230.02 —1.91 
19 251.05 251.00 241.88 2.21 
20 63.29 263.23 253.21 2.55 
21 275.40 275.30 270.98 
22 287.19 287.35 281.93 
23 298.90 299.03 287.46 
24 310.71 310.51 300.35 
25 322.41 322.62 312.25 
26 333.73 334.00 323.76 
27 334.95 
28 345.74 
*I1,, state may be determined, however, from 


the frequencies given in Table I together with 
lower-state differences obtained from the data 
for the red BaH bands. For Ae7>.’(/) = *Ra(/) 
—Q2(J—1)—72""(J—1)+71,"(J) and AeTaa'(J) 
= R2(J) —*®Qa(J—1) +71" (J—1)—T2"(J). The 
values of these term differences are given in 
Table II. Using the mean values of these two 
sets of differences, we compute in the usual way 
that Byo*=3.280 and Dy= —1.3X10™. In order 
to determine the magnitude of the A-doubling, 
the values of A,7>.'(J7+4) are first calculated 
with the B and PD constants given by the 
Ae7>.'(J) differences. Then the A-doublet width 
Ava(J+1) is Re(J)—Q2(J) — AiT2.'(J +4). The 
values of Avy. so calculated are given in the last 
column of Table II. 

In Fig. 1 the variation of these A-doublet 
widths with J is given by the solid curved line. 
Whereas for the red *II-’> band this doubling 
in the *II,, levels is small and positive,’ the A- 
doubling here is several times larger and nega- 
tive. Assuming that a relation of ‘pure pre- 


* Reference 2, Fig. 2. 
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Fic. 1. A-doublet widths in the *I1,, levels of the 10,052A 
BaH band. Solid line represents observed values, broken 


line those computed assuming pure precession relation with 
l=1 to hold between this state and the upper *2 state of 


the 8924A band. 


cession’’® with /=1 holds between this “II state 
and the upper *2 state of the 8924A band, one 
may compute the value of this A-doubling as a 
function of J if the coupling constant A of the II 
state is known.? Taking' A=640, p= —4.84 
(=o of the *Z state) and »( Il, ©) = —1500 cm™ 
(g= —43/1500), the A-doublet widths repre- 
sented by the dashed curve in Fig. 1 have been 
calculated. The trend in the two curves is the 
same, and quite possible variations from the 
values of the constants assumed in this calcula- 
tion would make the difference between the 
curves negligible. It is to be concluded, then, 
that these two BaH states are the two which 
are derived from Ba *P+H 2S. 

A rather large perturbation, observable in the 
“Re, and Q: branches, occurs in the *II,,. levels 
at J=20}. Since the dissociation energy of the 
ground *> state may be as large as 1.4 volts, the 
perturbing levels may be in one of its higher 
vibrational states. The only other possibility for 
levels at this energy above the minimum of the 
ground state is that they occur in a. 5d6 7A 
state lying below this 6pr*Il. This 7A 
state may well lie below the 6pr *Il, for 
the 5d*D level is lower than the 6p*P level in 
the Ba atom. The fact that a perturbation ap- 
parently does not occur in the *II,j,¢ levels at or 
near this same J value does not favor either one 
or the other of these two possibilities. 


> R.S. Mulliken and A. Christy, Phys. Rev. 38, 87 (1931) . 











52A 
ken 
‘\ ith 
e of 


the 
en, 
ich 


els 
he 
he 
ler 
or 











FEBRUARY 1, 1935 PHYSICAL REVIEW VOLUME 47 


The Ultraviolet Absorption Band of Li, 


Joun E. VANCE AND JoHN R. HuFrMAn,* Sterling Chemistry Laboratory, Yale University 
(Received December 12, 1934) 


Ultraviolet band systems of lithium have been observed and a vibrational analysis suggested 
which involves four upper states. 

Assuming that these upper states have the same dissociation limit, values of D’ have been 
calculated and compared with corresponding values of D’ for the upper states of sodium. 


AND systems due to the lithium molecule in comparator belonging to the Physics Depart- 
the blue-green and the red portions of the ment, which could be read to +0.001 mm. The 
spectrum have been observed and analyzed by bands were, of course, not sufficiently sharp to 
several investigators,' and some indication of the warrant the use of the more accurate instrument, 
existence of ultraviolet bands has been noted.? but a comparison of the observed frequencies 
Since such bands of lithium might be expected thus measured, allow us to estimate the accuracy 
in view of the known ultraviolet band systems of the frequencies as being +2 cm™ on the whole. 
of sodium? * it seemed of interest to make an 
attempt to measure and analyze them. RESULTS 


Some sixty band heads were measured in all. 
These bands degrade to the red, as do the other 

The absorption tube was of steel, 110 cm in lithium bands, and arise from the same ground 
length with a diameter of 2.5 cm. Quartz state, 'S,*. In order to account for the large 
windows were waxed on the ends, and the ends number of band heads it has been assumed that 
were water-cooled. The steel tube was insulated there are four upper states which give rise to 
with alundum cement and nichrome ribbon these bands. In the corresponding case of sodium 
wound on this. A side tube allowed the system five upper states were assumed,’ to account for 
to be evacuated. After the lithium had been the measured heads. 
placed in the furnace and thoroughly evacuated, The proposed assignments are listed in Tables 
heating was begun, and about 20 mm pressure I, II, III, IV. Equations can be found to repro- 
of helium added to retard diffusion of the lithium duce the values shown in both Table I and II of 
to the cold ends. To obtain a suitable pressure of the form 
lithium in the tube the temperature was raised to i ; 
800-950°C. The light source above 3100A was a Viead = Viena + L@n'0” — y'v"* J 
tungsten lamp, and below 3100A a hydrogen ~[ay!0" —by"'0"*]+00'0"".4 (1) 
discharge was used. 

Observations were made on a Schmidt and For Table I, the equation is: 
Haensch Universal Spectrograph with two quartz 
prisms and a telenegative lens. In the region Vnend = 30501.2+[ 231.20’ —2.10"*] 
where bands were found the dispersion was about ~[351.30"”—3.0v"?] (2) 
3.3A per mm. 

The bands were measured on several plates by and for Table II, 
means of a Leiss comparator, which had an 
accuracy of about +0.01 mm and also on a 


EXPERIMENTAL 


Vinesd = 30886.2+[ 210.20’ ] 
_ — [349.20 —2.9v'""]. (3) 
* Sterling Fellow in Chemistry, 1933-34. 


See, for example Jevons Report on Band Spectra of The wave numbers in Tables I and II have 


Diatomic Molecules, p. 282. = 


? Walter and Barratt, Proc. Roy. Soc. (London), A119, ¢ 
257 (1928). ‘ Jevons, Report on Band Spectra of Diatomic Molecules, 


* Weizel and Kulp, Ann. de Physik (5), 4, 971 (1930). p 
215 
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Proposed assignment of lines in the spectrum of Liz. 


TABLE I. rpqq 30501 .2 + (231.20 —2.10"") — (351.30 —3.00'") 














a oe 
\ ? | 
\ 0 1 2 ; 4 5 
rv’ | | 
0 | 30501.1 | 30150.9 | 20810.7 | 29474.9 | 29136.2 

1 30729.3 | 30386.5 29700.4 | 29364.5 | 29038.0 
2 30954.3 | 30607.1 29921.1 
3 31173.3 30492.8 | 














4 31396.4 | 31047.7 | 














5 31274.2 





TABLE IT. *peqq =30886.2 +210.20' — (349.20 —2.52"") 
























































yw | 
Xs 
\ 0 i 2 ; 4 
SEES SS a ee Se 
) 30886.2 30538.8 | | 29866.9 | 
i 30750.3 | 30408.2 30082.5 297465 
2 30618.8 29959.2 
3 31170.3 30492.2 | 
4 31722.8 31380.7 | | 
Taste Ill 
“Ys | | a 
0]; 1 2 3 4 5 7 
| * | 
= = = | 
0 | 30687.2! Me 2987.1 29066.0|28758.1| 
1 | 31286.2 |s0604.2 30275.0/29054.4| 
= — = aie —. a Se 
2 /31898.7/31547.9 | 30209. 6|20884.3 
TABLE I\ 
a | | 
"i i 0 1 | 2 3 
o~ | 
0 $1898.7 7 | ~ 31547.9 
1 ’ 31773.3 31431.4 
? | 32003.0 31652.3 | 313163 





31541.3 





already been corrected by the value of @v'v"’ 
System I, 6=0.2 cm™, System II, 6=1.0 cm™. 

Eqs. (2) and (3) indicate values for the upper 
state entirely comparable with those of previous 
workers. McKellar’ gives the value AG,” 
= 351.374—5.181(v"’ +4). The agreement tends 
to verify the assignments as made. 


* McKellar, Phys. Rev. 44, 155 (1933). 


VANCE AND 


J. R. HUFFMAN 


These bands are grouped around the second 
member of the principal series of the lithium 
atomic lines, at 30925.9 cm which corresponds 
to an excitation of the atom from the 2 ?S ground 
state to the 3 *P® state. Assuming that all of the 
upper states involved in the ultraviolet band 
systems of the molecule have the same dissoci- 
ation products, that is, one 2*S atom and one 
3*P® atom, it is possible to calculate D’, the 
energy of dissociation of the molecule in each of 
these four upper states. The energy of dissoci- 
ation, D”’, of the molecule in the ground state 
has been calculated to be 1.14 v* and the energy 
of excitation of one atom from a 2 *S to 3 *P state 
is 30,925.9 cm or 3.82 v.’ The four values of 
D’ are then found to be 1.19 v, 1.14 v, 1.08 v 
and 1.02 v corresponding to the systems repre- 
sented in Tables I, II, III and IV, respectively. 
Comparable values of D’ for the five upper states 
of the ultraviolet sodium band systems* can be 
calculated. They are as follows for the system 
indicated in the reference, AB’, 0.84 v; AC’, 
0.73 v; AD, 0.63 v; A—>B”, 0.37 v; A9C", 
0.31 v. The ratio of the values of D’ for compar- 
able systems of sodium and lithium is closely the 
same here as in the red and blue-green systems 
of the two elements. 

The lithium atom has, as well, a 37D state 
with nearly the same energy as the 3?P state. 
The atomic line corresponding to an excitation 
from the ground state to the 3*D state was not 
observed, but if this state is involved in the 
production of any of the band systems, the 
energy of dissociation as calculated will be too 
low by 0.04 v. 

The observed bands fall in the range 43100 to 
43500. The region below (3100 was investigated 
down to the series limit of the atomic spectrum, 
but no further band systems were observed. 

It is a pleasure to thank Professor W. W. 
Watson of the Sloane Physics Laboratory for his 
very helpful interest and advice. 





* Loomis and Nusbaum, Phys. Rev. 38, 1447 (1931). 
7 Bacher and Goudsmit, Atomic Energy States, p. 264. 
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On the Redward Shift of Spectral Lines of Nebulae* 


P. I. Woip, Union College, Schenectady, New York 
(Received October 22, 1934) 


The characteristics of a wave traveling in a medium in which the velocity of light is a function 
of time is considered and it is shown that one is able to account for the redward shift of spectral 
lines from distant nebulae on this basis. For simplicity, the function ¢,=c(1—at) is assumed 
and numerical calculations are made yielding a value of a=1.81 X10~" cm per sec. as being 


necessary to account for observed redward shift. 


HE redward shift of spectral lines -of 
nebulae has been the basis of much speeu- 
lation in recent years. Next in importance to the 
experimental fact of the shift itself is the shift- 
distance relationship announced by Hubble and 
Humason,' according to which the redward shift 
is proportional to the distance to the nebula. 

The theory most commonly heard for explain- 
ing these observations is that in which the shift 
is interpreted in terms of the Doppler effect, 
implying a recession of the nebulae with veloci- 
ties proportional to their distances. Other 
attempts have been made to account for the 
phenomenon. For example, Zwicky’ suggests 
that there may be a “gravitational drag’’ on 
light; Milne* proposes a certain kinematical 
model and MacMillan suggests that there may 
be, in some unaccounted manner, a loss of energy 
by the photon in its long journey through space. 
Another explanation is offered herewith as one 
which has the advantage of considerable sim- 
plicity and avoids the necessity of an “‘expand- 
ing universe.’’ It is based on the assumption that 
the velocity of light throughout space changes 
slowly as a function of time.‘ 

At least in the special relativity, the velocity 
of light has been considered as a fixed and 
constant property of space, but this is itself an 
assumption and we have not had nearly sufficient 
time over which to take observations to either 
prove or disprove such an assumption. In the 


* The contents of this paper were presented at a meeting 
of the American Physical Society in New York City, Feb. 
23, 1934. 

‘ Hubble and Humason, Astrophys. J. 74, 43 (1931). 

?F. Zwicky, Proc. Nat. Acad. Sci. 15, 773 (1929). 

* Milne, Nature 130, 9 (1932). 

‘The change of velocity of light here contemplated is 
not related to the alleged changes discussed by de Bray in 
Nature 127, 522, 739, 892 (1931) and elsewhere, but is of 
an entirely different order of magnitude, being very much 
smaller. 


general relativity theory, there is less ground for 
assuming the constancy of the velocity of light 
with time, as pointed out by Vrkljan.’ And, 
finally, in developing the theory below, it is not 
necessary to consider that the velocity of light in 
a matter free, field free space is changing, for it 
will be sufficient if we can think of the matter 
content or the field content as changing and so 
producing, in some manner, a change in velocity. 
With this preliminary statement the line of 
reasoning would run along as follows: 

Let us consider the case of a source of light and 
an observer, separated by a distance D. 

S D O 

We will allow light to pass from S to O with 
constant velocity establishing a train of waves, 
the number of these waves being given by 
N=D/i=vt, where v is the frequency at the 
source and ¢ is the time for light to travel the 
distance D. Let us assume that in some way the 
velocity of light suddenly changes from c to ¢,, 
where for definiteness c, is less than c. In this 
process the length of the waves between S and O 
is not changed for the velocity of each element 
of the wave changes at the same time by the 
same amount. The rate, however, at which they 
thereafter proceed towards the observer, is 
reduced and the number of waves which will 
reach the observer per unit of time is reduced. 
The time required for the NV waves to sweep 
through to the observer will be increased to 4; 
where ¢;= D/c, and the rate of arrival of waves 
will be N/t;=vt/t;=vc,/c. This new rate of 
arrival of waves will persist until the train of 
waves standing in the space at the moment of 
change of velocity has swept out, and there 
would be a redward shift of spectral lines. After 


* Vrkljan, Zeits. f. Physik 63, 688 (1930). * 
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this interval, however, the rate of arrival will be 
restored to the original rate, although the wave- 
length will be shorter. 

A more important case is that in which the 
velocity changes continuously rather than sud- 
denly and for this discussion the more interesting 
as well as the simplest case is that in which the 
velocity changes linearly with respect to time. 
For simplicity let us consider that this change is 
a decrease so that the velocity of light at any 
time is given by c,=c(l1—at) where c is the 
velocity of light throughout space when ‘=0. 
Let frequency of the source =v. Then the 
number of waves, at ‘=0, in 1 cm at source is 
n=1/A=~v/c. 

Let 4;=time to travel distance D to observer 
O with the changing velocity. At that time, then, 
the velocity is c,=c(1—at,). The length of any 
particular wave, having once started, is not 
changed and the waves in the original 1 cm train 
=n=yv/c. The time for this group to pass the 
observer is 1/c). the new rate of arrival is 
vy, =n/(1/c,) =nc(1 — at,) = »( 1 — at;) or (v—¥)) v 
= at and thus there is a redward shift which is 
proportional to the time since the wave left its 
origin. If @ is small ¢;= D/C approximately and 
(v—»,)/v=aD/c. Thus it is seen that the 
original simple assumption leads one definitely 
to a redward shift which is proportional to the 
distance to the source and this is in agreement 
with the Hubble Humason observations. 

The shift has been considered above in terms 
of change in frequency of the arriving wave. It 
may be argued that in our optical work, as with 
gratings, we measure wavelength and not fre- 
quency. Consideration from this point of view 
leads to the same redward shift. Thus the sodium 
line emitted by a source in our laboratory has a 
certain wavelength \’. Sodium light from a star 
a million years away was emitted at a time when 
the velocity of light was greater by the factor 
(1+ at) and the wavelength \” was therefore 
longer, given by \”’ = \’(1+ at). Since this wave, 
having once been started on its journey, remains 
constant in length, it arrives at the grating 
longer than the locally produced wave by the 
factor (1+ at). Thus (A —\’) \’=at=alD‘ as 
before. 

Let us now estimate the value of a for light 
from the nebulae. Hubble and Humason conclude 


WOLD 


from their Mt. Wilson observations that there is 
an apparent velocity of recession of 558 km ‘sec 
for a nebula 1 million parsecs. (3,259,000 light 
years) away. This is calculated from what 
amounts to a redward shift of 12.2A for the Ha 
line of 6562.8A. But (v—»v,)/vy=(A,;—A)/A, =a, 

at =12.2/6575=1.87 10" so that a=1.87 
<10- for a unit of time corresponding to 10° 
parsec. 

For other units of time a is given as follows: 


Unit of time a 

3.259 years 1.87 10~° 
1 year 5.72K10" 
1 sec. 1.8110" 


If we accept the work of Hubble and Humason 
as showing that the redward shift is proportional 
to the distance, then, on the basis of the present 
theory, we must conclude that the uniform 
decrease in velocity has been going on at least as 
recently as the time to the nearest star or nebula 
for which redward shift has been determined and 
for as long a time as that to the most remote 
nebula for which the redward shift has been 
observed, i.e., for some 150 million years. 

It will be noted that if this rate of decrease 
continues, the velocity of light will be zero after 
about 1.7 X 10° years. The difficulty is reduced if 
we assume that the velocity of light is a periodic 
function of time and that for a long period we 
have been on a nearly linear portion of the 
velocity-time curve. While it does not appear 
now it may develop, on more complete measure- 
ments, that the redward shift is not strictly 
proportional to the distance and in that event it 
would not be necessary to assume that the 
velocity has been changing at a constant rate 
over the past 150 million years. 

It has been suggested that it would be helpful 
in accounting for the redward shift if we could 
find a ‘‘photon leak."’ There has, however, been 
no satisfactory proposal as to how this leak 
might occur. The theory above seems to offer a 
simple explanation of how a photon may lose 
energy. For if the frequency of emission is » then 
the photon energy is fy. As a result of the 
decrease of velocity during transit the rate of 
receipt of waves becomes v;. The wavelength for 
that train remains constant and the apparent 
photon energy is Av,;. The corresponding loss in 
photon energy is associated with the loss of 
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velocity, for hy=hc/d and hy; =hc,/d and thus a 
decrease in velocity appears to carry with it a 
“photon leak.”’ 

It may be argued that if one desires some 
other explanation than the Doppler principle for 
the redward shift there is no reason for selecting 
the velocity of light as the ‘‘victim’’ but that one 
might equally well assume that our units of 
length or our units of time are changing. So far 
as the unit of length is concerned it should be 
noted that it is not a case where we measure the 
wavelength of nebular light at the time of its 
emission, say 10° years ago, and compare it with 
the wavelength of light emitted now during 
which 10* years our meter stick may have changed 
but that we are comparing two wavelengths, one 
an “old’’ one and the other a ‘“‘young”’ one and 
are doing this today with the same meter stick 
and the outstanding experimental! fact is that the 
wavelengths are different. 

The same argument applies to a possible 
change in time units. We are comparing the fre- 
quency or the time of vibration today of two 
waves, one of ancient origin and one of recent 
origin and we are determining these with the 
same time unit. Again the outstanding observa- 
tional fact is that the frequencies, as measured 
today against any unit of time, are different. 
One may, of course, contemplate some more 
subtle change in unit of time than that above 
but this could lead only to the conclusion that 
the frequency of oscillation, corresponding, say, 
to a Na atom, has changed in the meantime; but 
to abandon the idea of the constancy of frequency 
as a characteristic of an atom and as a reliable 
unit of time is a very difficult thing indeed. 

It must be admitted that the theory given 
above as an explanation of redward shift is 
subject to criticism because of its high degree of 
ad-hocness and can be justified only if it finally 
connects up with other phenomena or suggests 
useful experiments. As a step in this direction it 
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may be pointed out that a change in velocity of 
light in space as a function of time does not 
necessarily carry with it the idea that the velocity 
in matter free, field free space is variable.* It 
occurs to one, for example, that the permeability 
and the dielectric constant, and therefore the 
velocity, may be dependent slightly on radiation 
density. No suggestion of such dependence is 
indicated by Maxwell's equations but this, of 
course, is because no physical concept corre- 
sponding to this was included in the original 
framework of his problem and therefore cannot 
be present in the final result. We have become 
quite accustomed to the idea of matter turning 
into radiation and in recent years we are becom- 
ing familiar with the thought of radiation going 
into matter. If these processes are going on it is 
not at all probable that they are proceeding at 
the same rate and thus we conclude that radi- 
ation density throughout space is, on the whole, 
increasing or decreasing. If, then, it should 
develop that the velocity is a function of radi- 
ation density we would have a satisfactory basis 
for the explanation of the redward shift of 
nebular lines. It is not, of course, to be assumed 
that such changes would be exactly the same in 
all parts of the universe ; but any departure from 
uniformity would imply a departure from 
the Hubble Humason law. Present uncertain- 
ties, however, as to the distances to nebulae do 
not permit an answer on this point.* 


* The suggestion has been made that such changes in 
velocity as indicated above might be due to thinly dispersed 
matter. This view is not tenable for it would mean that the 
amount of such matter has been increasing for the past 
10* years or more. During that time the “index of refrac- 
tion’ of space on this theory has changed by the amount 
5.72 10-* X 10 =5.72X10-*. This is about 200 times as 
great as the change in index due to a normal atmosphere 
of air. 

*Since preparing this article my attention has been 
called to an article ly Gramatzki, Zeits. f. Astrophys., Apr. 
1, 1934, in which he endeavors to derive the equation of a 
wave in such a medium as is here considered. Unfortu- 
nately the equation he obtains seems to be incorrect. This 
will be taken up in an article to appear soon. 
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A Temperature Variation Method to Assist in Vibrational Analyses of Complex 
Molecular Spectra 


J. H. CLEMENTs, University of Chicago 
(Received December 7, 1934) 


A temperature variation method of determining the 
initial (lower) vibrational levels of the absorption bands of 
an electronic band system of a polyatomic molecule is 
presented. The determination is made from photometric 
measurements of the absorption at two temperatures not 
widely separated. Such absorption tube lengths are used 
that the absorption is everywhere much less than 100 
percent in the bands to be studied. That variations in total 
absorption for a band may be measurable, the method is 
restricted to spectra in which the rotation lines are fairly 
broad compared with the intervals between them or else 
are very closely spaced. In such cases the rotational struc- 
ture is blotted out on the photographic plate by the lack 
of resolution of the spectrograph and the exponential 


INTRODUCTION 


N the literature casual mention of the use of 

temperature variation to assist in the analysis 
of complex molecular absorption spectra is often 
found. The information that certain bands are 
associated with transitions from the normal state, 
while others occur from excited states whose 
heights above the normal state may be more or 
less closely estimated, may well bring order into 
an otherwise hopeless maze of frequencies. This 
information can be obtained from a systematic 
comparison of the relative changes in intensities 
of absorption of the different bands with tem- 
perature. A simple procedure applicable to a 
vibrational analysis in the photographic range 
will be presented here. The method is designed 
for use with closely spaced rotational structures 
appearing as unresolved band envelopes on the 
spectrum photograph. Its application could be 
extended to include molecules whose rotational 
structure can be blotted out by pressure. 

The procedure is to seal off an appropriate 
mass of gas in an absorption tube and take plates 
of the absorption at two temperatures not widely 
separated. An extension is readily made to the 
investigation of a gas that dissociates under the 
energy of the continuous light source and must 
be flowed through the absorption chamber. To 
keep the same number of molecules in the light 
path under the two temperatures requires in this 


absorption law may be assumed in comparing absorption 
intensities at the two temperatures. A criterion is laid down 
for the applicability of the method in any instance. An 
equation is developed to give the heights (in cm™') of the 
excited vibrational levels of the normal electronic state 
involved in the various transitions, above that of some 
arbitrarily selected band of a group, as follows: 


lease pe/te= ~0.623 ( es ) (Gs—G.)” 


The determination of the heights (G,—G,)"’ in cm~' comes 
from the two absolute temperatures and the ratio p»/p. of 
the heights of the absorption peaks on the two micro- 
photometer traces. 


case an adjustment of pressure in conformity 
with the gas laws. The gas can be heated before 
admission to the tube and the pressure can be 
regulated by the valves controlling its rate of 
admission and exhaustion. 


CRITERION OF APPLICABILITY OF THE 
METHOD 


With N absorbing molecules in the light path, 
we have for gas absorption the exponential law 


T= Ige-¥, 


where u(y) is the absorption coefficient of the 
material per molecule for frequency v; J is 
the intensity of light of frequency » trans- 
mitted by the gas and J, that incident on 
the gas chamber. This is the law for the ideal 
case of a single frequency under perfect reso- 
lution. But the absorption intensity of a line 
M is defined as auw= S wu v)dvy, and moreover 
plates of polyatomic vibration-rotation bands 
usually consist of partially resolved rotation 
lines. Under relatively high dispersion the rota- 
tional structure may be partially distinguishable 
while with low dispersion instruments only an 
envelope of unresolved structure is observed. In 
either event, since the absorption coefficient of 
the gas varies greatly in a very small frequency 
range among the band lines, the limits of useful- 
ness of the exponential law must be examined 
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In the spectrum of HCL, for example, in which 
the band lines are narrow compared with the 
intervals between them, this law cannot be ex- 
pected to hold in gross. In infrared work Bourgin' 
showed that it is inapplicable to a single band 
line directly under ordinary working conditions. 
The apparent failure of the law was accounted 
for on the basis that the resolving power of the 
spectrometer with the slit widths used was not 
sufficient to give the true shapes of the absorption 
curves. In the type of spectrum for which the 
present method is proposed, namely, for closely 
spaced rotational lines, the slit width is large 
enough to include a number of lines. Thus much 
overlapping occurs on the spectrum photograph 
and the shapes of the individual absorption lines 
are completely blotted out. If the overlapping is 
sufficient the exponential law may now hold in 
gross, at least the gross effects may be com- 
parable at two temperatures relatively close 
together. 

If the rotation lines are broad compared with 
the distances between them, a small change of 
temperature will produce a measurable change in 
the intensity of absorption of the apparent band 
envelopes. Further, under such temperature 
variation the shapes of the rotation lines, hence 
of the envelope resulting from the overlapping, 
should not be sensibly altered provided the slit 
width remains the same. If the exponential 
absorption law is to be applicable, it is clear that 
the absorptions at all positions of maximum ab- 
sorption coefficient, that is at the centers of the 
band lines, must be kept small compared with 100 
percent (Dennison’). The validity of its applica- 
tion is subject to experimental check in any given 
case. Keeping the temperature constant, the 
absorption tube may be filled with the gas at 
two pressures such that the amounts of absorp- 
tion are about the same as in the two spectrum 
photographs in which the temperature is varied. 
The criterion of applicability of the method is 
then that the heights of all peaks on the two 
microphotometer traces corresponding to the 
two pressures shall be proportional to these 
pressures. 

When this criterion is obeyed, the necessity of 


LD. C. Bourgin, Phys. Rev. 29, 794 (1927) 
?D. M. Dennison, Phys. Rev. 31, 503 (1928). 
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using the technique employed by Bartholomé* 
(namely, broadening the band lines under 
pressure until little trace of the original structure 
remains) is avoided. It seems then that if the 
band lines either are naturally broad and diffuse 
or if they are so closely packed that the intervals 
between them are small the required conditions 
are fulfilled. This situation has apparently been 
encountered in the spectrum of sulphur dioxide 
(see paper following). It is to be expected that 
this will also be the case for a number of poly- 
atomic molecules, while with other molecules 
the application of moderate pressure to the gas 
may make the absorption amenable to the 
criterion for the validity of the exponential 
absorption law. 


THE PHOTOGRAPHIC PLATE AND THE 
MICROPHOTOMETER 


The theory of the method, involving the use 
of the microphotometer, will now be developed. 
The photographic plate, which is the basic 
element in the process, is discussed in a number 
of places.‘ ‘‘Density’’ may be represented on the 
straight line portion of a characteristic curve for 
a plate by 


D= y(logio E —logy 4), 


where y is the “contrast factor,”’ E (exposure) is 
the product /t* (J =intensity, ‘= time of exposure 
and s is the Schwarzchild constant), i is the 
“inertia” of the plate. 

To write the density numerically it is necessary 
to find the ratio of two blackenings. By definition 
D=log (Jo/J), where Jo/J is the ratio of light 
coming through an unblackened part of the plate 
to that coming through the point under con- 
sideration. The microphotometer allows this 
evaluation. Fig. 1 is shown as illustration. The 
deflection of the galvanometer of the micro- 
photometer, a, corresponding to an unblackened 
part of the plate, and the null deflection, i.e., 
the case of no light reaching the thermo-element, 
are marked, respectively, as A and D. The de- 





*E. Bartholomé, Zeits. f. physik. Chemie B23, 131 
1933). 

*G. R. Harrison, J. O. S. A. 19, 267 (1929); L. S. Orn- 
stein, W. J. Moll and H. C. Burger, Objektive Spektral- 
photometrie (Vieweg 1932); C. E. K. Mees, J. O. S. A. 21, 
$73 (1931) . 
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Fic. 1. A. Unblackened plate, i.e., complete absorption 
by gas. B. Partial absorption. C. Blackening by actual light 
source (no gas absorption). D. Complete blackening of 
photographic plate. 


flections xo, corresponding to the continuous 
source, and x;, associated with a partial absorp- 
tion, are shown at C and B, respectively. It may 
be assumed that small galvanometer deflections 
are proportional to the intensities of light in- 
cident on the thermopile of the microphotometer. 
Hence Jo/J=a/xo for the negative blackened by 
unabsorbed radiation from the continuous source, 
and J,/J=a/x for an adjacent region where the 
light of corresponding frequency has suffered 
selective partial absorption in a gas chamber. 
Applying the exponential absorption law, 
which has been considered in the preceding 
section, for zero gas absorption we have 


Do = y(log Iot* —log t) =log (a/xo); 
for some gas absorption 
D= (log Jt*—log 1) =log (a/x). 
Expanding D and substituting for log Jo, we get 
u(v)N=(1/0.43y) log (x/xo), 


provided x and x» both correspond to the straight 
line portion of the characteristic curve. The rela- 
tion is not valid when x approaches complete 
absorption nor when xo is too small resulting from 
overexposure of the continuous source. 

What is desired is to compare N,u(v) for two 
different v's having in general a different number 
of absorbing molecules V,, where N, varies with 
temperature. For the frequencies v,, v2 


(uN),,/(uN),, =log (x2/x)/log (x1/x0). 


If »; and v2 show fairly weak absorption so that 
X2/X9 and x;/x» are both not much greater than 
unity** then approximately 





**In the expansion e¥=1+y+--- , if y< <1, then 
log e* =e” —1, approximately. 


CLEMENTS 


(ulV)»,/(uV) v= (Xo —X9)/ (x1 — Xo) =p. 


If the temperature is varied by amounts which 
are small compared with the absolute temper- 
ature, the approximation is allowable. 


POPULATION CONSIDERATIONS 


Having seen the expression for the ratio of the 
absorption coefficients for two frequencies, now 
let us see what relation holds for a band en- 
velope absorption at two temperatures. The 
relative absorptions of band lines depend on the 
relative populations of their initial states and on 
relative transition probabilities. The populations 
of the various states are given by the distribution 
law 

Ni =(p:1/ po) Noe~@*/*7, 

where Ny is the number of molecules in the 
normal state and G is the energy in cm™ of the 
state whose population NV, is under considera- 
tion; fo and /; are the statistical weights, re- 
spectively. In the case that all vibrational levels 
are non-degenerate (as, e.g., with non-linear 
triatomic molecules), and if we are dealing with 
unresolved bands, so that No, N; stand for the 
total numbers of molecules in all the rotational 
levels of a given vibrational level, we may put 
pi=po. Changes of N; with temperature allow 
the evaluation of G, and the problem is to deter- 
mine these changes from the observed changes in 
intensity of absorption of the vibration bands. 

Curtis and Darbyshire® in their work on the 
vibrational levels of the ICI molecule call atten- 
tion to the importance of the changes of N,» 
with temperature, which change had been neg- 
lected by previous workers. To avoid this dif- 
ficulty’ they worked at constant pressure and 
arranged conditions to obtain equality of absorp- 
tion for a particular band progression at two 
temperatures using the change of vapor density 
with temperature. In the present method this 
matter is taken care of in the computation rather 
than by an experimental procedure and so avoids 
the difficulties of adjustment associated with a 
null method. For in general comparing the in- 
tensities of two bands with initial states of energy 
(in cm) G.” and G,”, respectively, at the 


*W. E. Curtis and O. Darbyshire, Trans. Faraday Soc. 
27, 77 (1931). 
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absolute temperatures 7; and 72, we have 
RR, =N,{T9/NglTY = ea" bel kT, 
R,{? = e- Ga" kel kT: 


7’? 7 —Ga?? ; 
R,Y =e Gi/’he eT) R,® =e 7b he[kTs 


Let G,”’ be greater than G,"’ and 7» greater 
than 7). The heights of the absorption peaks will 
be represented by x.°7), x4°7™, x,°7?, 2, and 
the backgrounds corresponding to zero absorp- 
tion of the continuous source xo‘7", xo‘7. The 
differences x,‘7)—x 9°"), etc., are proportional 
then to the relative numbers of absorbing 
molecules. 


» (T)) -.(T 9) 
R,“ Xa . — Xe' - 
(Ga! he/k) (1/T2—1/7T)) 
’ 


———- > —————_ = 2, =e 
~ (7T)) -(T 

RR, Xo‘ : Xe v 

R, 

b 
= =pr=e (Gel hc/k)AST2—-V/ Ty 
Ry 
, Ts Ga—G,)’’ 

pr/ Pa=é he/k)(1 e—1/ 74) (Ge—Ga) : 

or 


logio ps/Pa= — 0.623(1/T2—1/T1)(G,—G,)”. 


That is, the differences of energy (in cm™~) of 
the initial levels of the bands appear, so that the 
method may be applied to a group of bands at a 
time. Of the group, one is arbitrarily chosen for 
reference and the differences in energies between 
the initial levels of the other bands and that of the 
fiducial band can be computed. This is partic- 
ularly valuable in-studying bands coming from 
the higher initial levels, where the populations 
fall off rapidly with vibrational quantum number 
so that only part of the band system appears 
favorably on the photograph for a given pressure 
of gas in the absorption chamber. It is also con- 
venient if a prism spectrograph with changing 
dispersion is used. Corrections between bands in 
different groups can then be determined by using 
exposures showing overlapping of adjoining 
groups. The case G,’’=0 is an important special 
case in the above. 


PRACTICAL CONSIDERATIONS 


Some fluctuation of the continuous source 
obviously is not of serious consequence in the 
two temperature pictures if the exposures are 
taken on the same plate and developed together 
with constant rocking. This procedure ensures 
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that y may be cancelled out in the computation 
as has been done above. According to Mees,‘ y 
should be about 0.8y,, for photometric work. 
For the galvanometer of the microphotometer to 
give large differences in deflection, the plate must 
not be very dense. Hence a shorter exposure and 
more prolonged development than is usual in 
spectroscopic work is indicated. Of course all 
plate blackenings must be on the straight part of 
the characteristic curve. Plates of medium speed 
are the most suitable giving a balance among 
latitude, contrast, speed and grain. 

A small disturbance of the optical system 
between the two temperature exposures also does 
not invalidate the results obtained from the 
equation developed, inasmuch as a ratio of peak 
heights on the microphotometer traces is used. 
Likewise if between runs the microphotometer 
lamp changes slightly no serious damage is done 
although the lamp must remain constant during 
the course of any single run. However, if a long 
absorption tube is used, the light beam in the 
tube should be well collimated, since otherwise 
the change of refractive index of the gas with 
temperature will alter the cone of light so that 
the two plates may be of considerably different 
density. The optical arrangement may consist of 
a point source and an achromatic lens, or in the 
ultraviolet a long small bore hydrogen discharge 
tube used without a lens and with shields to 
limit the beam is quite satisfactory. If the in- 
tensity is sufficient, it is convenient to use no 
lens to focus the light emerging from the ab- 
sorption chamber on the slit of the spectograph ; 
if the light must be conserved an achromatic lens 
may be inserted to converge, but not focus it, in 
order that the spectrum shall be uniform across 
the slit. 

Unfortunately in general the formula cannot 
be applied in a simple way over the whole band 
system due to overlapping of bands. In poly- 
atomic spectra the complication that the band 
envelopes under investigation are the resultants 
of more or less closely overlapping vibration- 
rotation bands is common. Under this condition 
the ratios of intensities found for the absorption 
peaks will give apparent values of (G,—G,)” as 
intermediate values which will depend on the 
relative strengths of the overlapping components. 
Nevertheless in some part of the speetrum a 
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group of more or less unmixed peaks is likely to only an examination leading to qualitative 
be found giving a clue to the proper assignment results may be feasible. Under such circum- 
of the bands. Then the intermediate values of stances the line from which peak heights in the 
(Ge—G,)” serve as intensity checks on a proposed traces are measured (x9) will have to be drawn 
analysis. from an appraisal of the condition present. 

If there exists a background of absorption from The writer wishes to thank Professor R. S. 
many unresolved weak bands or a continuous Mulliken for many consultations during the de- 


background which suffers temperature variation, velopment of this discussion. 
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On the Absorption Spectrum of Sulphur Dioxide 


J. H. CLEMENTs, University of Chicago . 


(Received December 7, 1934) 


An attempt to organize the absorption bands of sulphur dioxide in the region 3900—2600A 
has been made. The (000)’’—(000)’ transition \3129.5A (31,945 cm) has been definitely 
located from a study of the temperature behavior of the lower frequency bands. Two of the 
vibrational frequencies known in the normal state have been observed and the intervals 
between successive lower levels determined. One of the frequencies in the excited state has been 
definitely assigned and a tentative value has been assigned for a second frequency. The con- 
figuration of the excited molecule is discussed. 


INTRODUCTION Chow,‘ in absorption by Jonescu® and at still 
higher frequencies by Wieland.* The lower fre- 
quency region, which is the subject of the present 
communication, has already been studied by 
Watson and Parker,’ who arranged some of the 
observed absorption bands into series. These 
workers however used the older frequency for 
the ve vibration of the molecule in the normal 
state; also they followed the formula for a di- 


HE spectrum of sulphur dioxide, a molecule 
known from its permanent dipole moment 
to be of triangular form! has attracted much 
attention. The normal modes of vibration of this 
type of molecule are well known.? If, as is very 
likely true of SOs, the strong forces are those 
binding two atoms (here QO) to a central atom 
(here S), the three frequencies can be classified 
as vg, a “deformation” frequency and »; and v3, pa , ; 
, , “te .. Of vibration, as has been pointed out by Dutta.’ 
the symmetrical and unsymmetrical ‘‘valence ; 
frequencies. The normal state of sulphur dioxide 


atomic molecule separately for the three modes 


thus seemed desirable to reexamine this 


ttt Recenetieeted frome inl Taal Witeenn portion of the spectrum. As a result of the present 
as been investigated from infrared and Ramat i 
a work, the (0, 0, 0)’’—(0, 0,0)’ band** has been 


data and the frequencies of the normal vibrations 
. , ; located through detailed study of the temper- 
established with some certainty.’ : 
; ; * Hi e ature behavior of the various bands, using photo- 
Bands involving electronic transitions occur 


in the ultraviolet region of the spectrum and have 
‘T. C. Chow, Phys. Rev. 44, 638 (1933) 


been recognized as jumps to more than one 
: he ‘ J . : \. Jonescu, Comptes rendus 197, 35 (1933). 
excited electronic state. The more intensely *K. Wieland, Nature 130, 847 (1932). 
absorbing higher frequency band system has ark W. Watson and A. E. Parker, Phys. Rev. 37, 1484 
been examined in emission and absorption by * A. K. Dutta. Acad. Sci. U. P. India Bull. 1, 89 (1931 
32). 
; ; ** A level of a molecule with three normal modes of 
1H. A. Stuart, Zeits. f. Physik. 59, 13 (1929). vibration must be identified by three quantum numbers 
? D. M. Dennison, Rev. Mod. Phys. 3, 180 (1931). These will be given in the order 1, v2, v3, and that they 


*For references see H. A. Stuart, Molekulstruktur, belong to the excited or normal electronic state will be 
od £ 
Springer, 1934. indicated by the prime and double prime, respectively 
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graphs at various pressures, and a new analysis 
of the system is here proposed. 

The present analysis has been facilitated by 
several recent developments. For one thing, the 
intensity problem for electronic-vibrational bands 
of the X Y2 type of molecule has been attacked 
by consideration of the extended Franck-Condon 
principle in the case of chlorine dioxide by Urey 
and Johnston’ and recently by Ku.” Also, 
applications of the group theory" have led to the 
formulation of vibrational and electronic selec- 
tion rules. 


EXPERIMENTAL 


Absorption spectra were taken with various 
tube lengths from 40 cm to 4 meters and pres- 
sures between 1 mm and 60 cm of mercury. A 
40 cm tube with 1 mm pressure brought out the 
bands in the region 2900A while the 4 meter 
tube with 60 cm pressure was required for bands 
at 3900A. This intensity factor of several 
thousand necessitated the taking of a_ large 
number of plates. The light source was a con- 
tinuous hydrogen discharge for the shorter wave- 
lengths and a tungsten filament lamp in the 
longer wavelength region where the lines in the 
hydrogen source became troublesome. Many 
comparison pictures with the gas at two tem- 
peratures were taken in order to be able to assign 
with some assurance the lower vibrational states 
involved in the various transitions (see below). 
The temperature differences were usually about 
40°C, spaced about room temperature, although 
some plates for ranges from —80°C to 600°C 
were taken. The instrument used was a Hilger 
E3 spectrograph which was well suited to the 
examination of the vibrational structure, inas- 
much as plates taken in the first order of the 21- 
foot grating showed resolution insufficient to be 
of additional help. 

On the plates the bands obtained were so 
broad as to render wavelength determinations 
with a comparator in the usual way liable to 
considerable error unless many re-settings were 
made. To avoid this necessity, the measurements 


*H. C. Urey and H. Johnston, Phys. Rev. 38, 2131 
1931). 

© Z. W. Ku, Phys. Rev. 44, 376 (1933); 44, 383 (1933). 

“ R. S. Mulliken, Phys. Rev. 43, 279 (1933); L. Tisza, 
Zeits. f. Physik 82, 48 (1933); A. V. Bushkovitch, Phys 
Rev. 45, 545 (1934) 


were taken from microphotometer traces, which 
shaped the bands and further showed up 
“satellite peaks’ difficult to measure directly. 
The traces gave also the comparison of intensities 
required for temperature variation information. 
In the absence of sharp edges, wavelength deter- 
minations were made of the points of maximum 
absorption for each peak. Lines or the edges of 
opaque paper strips gummed on the plate were 
used as reference marks, and the intervals 
between then were calibrated from the iron com- 
parison spectrum by comparator measurements. 
The absorption peaks measured with a scale 
from the reference marks on the trace were then 
located on the calibration ‘‘distance-wave- 
length” chart. Such a graph was made for each 
plate as the dispersion was never exactly repeated 
in two exposures. A large number of plates under 
various conditions of exposure were measured 
and the frequencies taken from weighted aver- 
ages ; except where noted each value comes from 
three or more plates. The uncertainty with this 
procedure arises from averaging values for peaks 
resolved on one plate with values for the same 
peaks only partially resolved on other plates 
taken under slightly different pressures. However 
the values were consistent within about 15 cm™. 


INTENSITY AND TEMPERATURE VARIATION 


The use of the microphotometer as applied to 
the measurement of intensity changes with tem- 
perature in temperature variation of absorption 
spectra is discussed in the preceding paper.” 
Some of the complications encountered in 
practice have been more fully considered there. 
These may be summarized as unresolved rota- 
tional structure, overlapping of vibrational bands 
and the background of absorption arising from 
many weak bands. In spite of these embarrass- 
ments, temperature variation gave valuable 
clues to an arrangement of the band system. 

In a gas whose molecules have only non- 
degenerate vibrational energy levels, the mole- 
cules are distributed among the latter according 
to the Boltzmann law Ng=N ge~@'"*"**. A tem- 
perature difference of 40°C is ample to show 
pronounced changes in intensities of absorption 
for bands in the spectrum of SO, coming from 


J. H. Clements, Phys. Rev. 47, 220 (1935).+ 
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TABLE I. Observed bands 
(Ge —Ga)”’ (Gp —Ge)”’ (Ge Ga)” (Gy —Ge)”’ 
from Temp. from Temp from Temp. from Temp. 
» Intensity Var. v Intensity Var. v Intensity Var. y Intensity Var 
25188 0.02 ) 29832 9 f oO 31567 60 | | 35168 800 0 
25733 . 230 29896 9 | 500 31607t (4 | 35297 R 1500 
26109 2 140 29946 1.4 . Ben 31646 120 \ 500 | 35390 
26253° 29967 1.2 | 500 31719 100 | 5474S 1200 
26469 A 220 29994 1.2 | 1000 31767 80 35507 T 1200 
26609° 30048 1.2 (2){ 1000 31793t i 35532° 
26672 3 60 | 30076 1.5 | oO 31858 00 | 35634 300 
2700S 4 0— 30103 1.6 0 31926 200 200 35682 700 
27355 1 120 | 30139 3.0 Ps 31945 A® Ote—}(5)| 35742 U 1500 
27510 2 200 | 30185 2 | S500 32161 BL 300 | 35839 | 1200 
27594 2 300 | 30267 3 | 150 32377 C 600 | 35960 W 1000 
27940 2 250 30343} 32607 D 800 36064 X 600 
28200t ) 30368 6 300 32850 EF 1200 36153 Y 600 
28296 3 200 }(1)| 30394 33080 F 1700 36241°° 200 
28466 1 400 | 304321 | 33313 G 2000 36292 500 
28514 1 400 | 30500 8 200 33547 H 1900 36337 600 
28588 2 550 «| 30582 10 70 (| 33760 J 2000 36381 600 
28604° 2 30675 15 50 | 33960 K 1700 36511 500 
28802} 30700t 34030 L 1600 | 36558 800 
28818 2 iso | 30721° 20 Oe 34180 M 1600 | 36653 200 
289 10° | 30779 >(3)} 34200 M’ =: 1600 | 36707 
29036 3 400 30801 34241 700 | 36761 
29095 2 400 | 30855 25 60 34396 N 1600 36875 
29223 2 470 30895 | 34462 N’ 900 | 36937 
29300 2 30070 40 ao | «| 34488 400 | 37015 
29403 2 400 30985! | 34620 0 1700 37135 
29447 3 200 31028 40 40 34698 400 37233 600 
29472° 31065° 34724 200 | 37358 
29522 3 31124 40 0 34785 1000 | 37442 
29622 ; 31241t 34846 P 1600 37560 
29656 5 31280t 34940° 100 37682 
29692 6 31330 50 0 34970 500 37773 300 
29742 8 31360 35053 0 1800 37810 
29798} 31427 60 500 35133° 37900 
31507 65 











* Indicates that the measurement is considered less reliable than the 
others. In most cases it comes from fewer than three plates but in 
others the overlapping of bands gives rise to the uncertainty. 

** From this point the bands tend to become diffuse. 

} Values taken from Watson and Parker's tables.’ Bands not observed 
or not sufficiently resolved for measurement on the present writer's 
plates. These fit in the proposed scheme as originating from excited 
vibrational states and so would show more prominently on plates 
taken at temperatures higher than have been used here 


different initial levels. With any given tube 
length and pressure only a small group of bands 
out of the whole system appears favorably. 
Hence selecting an arbitrary band (a), the dif- 
ference between the initial level of any other band 
(b) of the group and that of the selected band (a) 
is given by the relation: 


log io (p0/ Pa) 
= —0.623(1/7;—1/7;)(Gs—G.)", (1) 


where the G’s are vibrational term values in cm~' 
and p»/pz, is the ratio on the traces of the heights 
of absorption peaks under examination above the 
line of zero absorption for the two temperatures." 
The relation is valid only for small absorptions 
and a not overexposed continuous background. 

As seen in Table I, temperature variation was 
considered in the five bracketed groups ; for each 
group the arbitrarily selected fiducial band is 
indicated. To obtain reliable estimates of 
(G,—G,)"" it is important that the intensity 








* Value taken from Lotmar’s’ series. Not clearly resolved on the 
present writer's plates. 

L The letters correspond to those identifying the peaks in the repro- 
duced microphotometer trace. 

The brackets embrace the bands considered in the various tempera- 
ture variation groups. For each group the arbitrarily selected fiducial 
band is indicated —. (See text). For bands to the higher frequency side 
of f no significant variation with temperature was found 


range be not too great. The breaks between the 
groups are associated with somewhat sudden 
changes in the intensities, so that to relate the 
lower levels of the selected bands with over- 
lapping spectrum photographs would require 
temperature variation comparison beyond the 
limits imposed in developing Eq. (1). Moreover 
very little confidence can be placed in the data 
obtained by comparing temperature variations of 
a band appearing at the end of one group and 
appearing at the beginning of the next. For in 
the first group the band appears with high and in 
the other with low intensity inasmuch as the 
exposure times for the two photographs are dif- 
ferent. 

For the group (4) just to the red of that 
showing no significant variation with tempera- 
ture, the equation: 


log 10 pe= —0.623(1 T: —1 T,)G," (2) 


4 W. Lotmar, Zeits. f. Physik 83, 765 (1933). 
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was used to determine directly the term values 
G,” involved. This equation is developed in the 
same way as Eq. (1), except that the approxima- 
tion No‘™)=N,‘"» is made for the small tem- 
perature change. Two of the stronger absorptions 
showed G,” = 500 cm™', so these were assigned as 
coming from (0, 1, 0)”. 

An analysis of the band system must yield an 
arrangement in which the frequencies in the 
energy level diagram, the intensities of the transi- 
tions and the temperature behavior of the bands 
are consistent. The vibrational levels of the 
normal state are known to be spaced approxi- 
mately according to multiples of 500 and 1100 
cm~', If for a certain peak (G,—G,)"’ comes out 
not a multiple of 500 or 1100 but as an inter- 
mediate value when an observed p»/p. is sub- 
stituted in Eq. (1), it may be assigned to a 
suitable combination of overlapping components. 
For example, peak A (see microphotometer trace 
Fig. 1) gives (G,—G,)"’ as 200 cm, which has 
been interpreted (see Table III) as a not too 
close overlapping of transitions from (0, 0, 0)”, 
(0, 3,0)”, and (1,0,0)”; further overlapping 
components are thought to be weak. When two 
bands, whose spectral frequencies suggest that 
they be assigned as coming from the same lower 
level, show a small difference in temperature 
behavior, it is assumed that one of them is com- 
posite and it is assigned a second time in the 
matrix diagram of bands in the place that this 
difference and the intensity seem to warrant. 


THEORY 


Any organization of the data must conform to 
the following theoretical demands. 


(a) Group Theory'' 


The normal electronic state of this molecule 
of symmetry type C2, may be safely assumed to 
be of type 'A,, since SO, gas is diamagnetic. The 
excited electron state may then be A,, B, or Bo, 
since only A: is forbidden to combine with A, 
according to electronic selection rules; however, 
weak transitions even to A: are possible if allowed 
by electronic X vibrational selection rules.'* The 
normal modes of vibration »;, v2 and all resulting 


“%G. Herzberg and E. Teller, Zeits. f. physik. Chemie 
B21, 410 (1933). 


vibrational levels are of type a, while », is of 
type a, for v3 even and by for v3 odd. The types of 
allowed transition will be summarized in tabular 
form taking the lower electronic state to be of 
type A,. It will be noted that the capital letters 
refer to electronic types while the small letters 
are used to denote vibrational types. The ab- 
sorption should be strong when both the elec- 
tronic types and resultant electronic X vibration 
types are permitted by the group theory selection 
rules to combine. All selection rules developed 
will be strict even in the region of large vibra- 
tional quantum numbers, for the correction 
terms added to the representations of the vibra- 
tional motion to admit finite amplitudes must be 
of the same symmetry as those of the main term. 


TABLE II. Allowed transitions. Lower electronic stale A. 





v;"" even vs"’ odd 
Upper 
electron 

state wv," even wv,’ odd v;’ even vv," odd 
A, 3 v y s 
A> ~- (x) (x) 
B, x . x 
B; y s s y 











The letter indicates the direction of vibration associated with the 
electric moment in the transition; s is the symmetry axis passing 
through the sulphur atom in the plane of the molecule, while x is the 
axis at right angles to this plane. The bracket indicates that the elec- 
tronic change is forbidden. 


If the configuration of the molecule in the 
normal state is an obtuse angled triangle,’ the 
moments of inertia lie J,>J,>J,, and remain 
in this order for apex angle 70-180°, so that the 
band structures should show differences for (y) 
and (s). An investigation of the rotational 
structure under high dispersion would be neces- 
sary to show the type of excited electronic state 
present. 


(b) 


In accordance with the Franck-Condon prin- 
ciple the two symmetrical frequencies would be 
expected to appear with greater or less intensity 
depending on the forms of v, and v2 and the con- 
figuration of the molecule in the excited state. 
If the S—O force is approximately central in 
nature and the S—O distance does not change 
very greatly during the electronic transition, the 
value of »;' should be of the same order of mag- 
nitude as »,’’. A series with frequency differences 
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very much less than this would then undoubtedly _ little doubt of its correctness. Further, the fact 


be a ve’ progression. that it fits in with a simple-appearing series of 
: increasing intensity lends the assignment strong 

LOWER FREQUENCY BANDs support. 
The temperature variation method points to On the basis of this assignment of origin, vibra- 


a weak band at about 31,950 cm™ as most _ tional quantum numbers have been assigned for 
probably the (0,0,0)’’—(0,0,0)’ transition. a large number of the prominent bands. These 
However, other possibilities not convincingly are given in the form of a matrix (Table III). 
ruled out on this score were tried as origin. The The averages of the differences AG,”’ between 
choice of 31,945 cm™=' gave a scheme so much the v2” levels as taken from this table run 520 
more consistent and in accord with intensity and cm, 525, 529, 530, 524, 522, 511, 526, 507 cm“, 
temperature behavior data that there can be the latter two values appearing from only two 


TABLe III. Lower frequency band 

















(riers)’ . : 
=; 000 010 020 030 040 050 060 070 O80 090 Ay : 
(Py Pets) | 
000 31945 216 32161 216 $2377 230 32607 43 32850 230 33088 25 33313 »%4 3354 213 33760 230 33990 
518 S15 519 518 
010 31427 219 31646 212 31858 Masked by strong (ono)’ progression 
532 522 528 52 
020 30895* 229 31124 206 31330 6237 31567 234 +1801" 
§27 542 529 $28 521 529 
030 30368 214 30582 219 30801* 238 31029 241 31280 227 31507 212 31719 226 31945 
534 534 539 539 530 537 518 534 
040 29832 216 30048 219 30267 233 30500 241 w741 29 30970 31427 
532 526 522 533 538 532 530 
050 29300 222 39522 220 29742 225 29967 30432" 243 30675 220 30895* 
498 519 521 536 536 522 
060 28802* 290223 223 29446 246 29692 204 290896 243 30139 
506 536 493 518 513 
070 28296 28910 29403 218 29621* 
$26 526 
080 290095 
507 507 
000 8588 230 28818 218 29036 
Av. 219 215 231 241 23 228 226 216 230 
100 «= 30801" 227 31028 213 31241* 31707 219 31926 235 32161 216 32377 230 32607 243 32850 
534 528 520 499 515 519 519 
110) §=6©30267 233 30500 221 30721 240 30961 31427 219 31646 212 31858 
§25 533 536 529 532 522 498 $25 
120 29742 225 20967 718 30185 247 30432" 243 30675 220 30895* 229 31124 236 31360" 207 31567 00 3176 
519 520 529 536 536 527 54? $30 
130 29223 224 29447 209 29656 240 29896 243 30139 229 30368 214 30582 
546 506 526 
140 29822 254 30076 
522 
150 29300 
Av. 227 215 242 243 223 230 221 218 22 
200 29621* 211 29832 216 30048 19 30267 933 30500 241 30741 229 «330070 : 
532 526 §25 506 538 $25 : 
210 29300 222 29522 220 29742 2S2 29994 30432* 30R55 210 31065 : 
498 522 536 19 
220 28588 214 28802 0472 220 29692 204 208906 20 30103 
506 541 524 
230 28296 2956) % »9790R* 
526 526 
240 27510 8604 214. 28818 218 29036 
505 $22 5i4 
250 27005 22296 218 28514 
536 5.36 
260 26469 : 
Av. 213 219 20 4? 230 216 14 6 0 : 
500 26253 216 26469 203 26672 
520 0 
$10 25733 
545 545 
520 25188 
Grand 
Average 220 215 232 242 24 226 219 226 221 
Nine other observed frequencies have been fitted into the scheme in scattered places forming w e gener gerne 


intensity. 
* indicates a value taken from Watson and Parker's data 
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pairs of bands. These may be summarized by the 
equation 


G," as 5] 6.40,"" +4y,'" = 0.40,""". 


The occurrence of series in which the AG's first 
increase, then decrease, is not unusual in poly- 
atomic molecules.’ For v,;"", the AG's obtained 
vary more widely, being 1144 cm, 1195, 1157, 
1111, 1102 cm~'; they follow the formula 


71’ = 10860," + 700,'" — 130)’. 


The unsymmetrical frequency known in the 
normal state, v;"’= 1360 cm™, has not been men- 
tioned in the tabular analysis. Since the band 
system is of considerable intensity the possibility 
of the excited state being of type A: is excluded, 
and the (v;’"=0, v3’=0) quantum jump should 
appear in the spectrum. Unless v3’ = v3”, in which 
case Av3;=0 is the most probable transition, 
transitions from excited unsymmetrical levels are 
to be expected among the lower frequency bands. 
The small frequency (see later) makes it probable 
that such bands are masked by overlapping ; that 
is, if (vs’’ —v3') are approximately multiples of 225 
cm~', the symmetrical and unsymmetrical pro- 
gressions lie superposed. In an arrangement of 
the band system it would have been plausible to 
have assumed, for example, band 30,801 cm™ 
as (0, 0, 1)’’—(0, 0, 1)’. However in view of the 
fact that the electronic type of the excited state, 
hence the selection rule for transition between 
unsymmetrical term values (see Table II), is 
unknown, any assignment in this way was felt 
would be purely arbitrary. The data for the 
vibrational levels of the normal state are col- 
lected in Table IV. 

Table IV is of interest particularly with regard 
to the v2” series. Lotmar’s values from fluores- 
cence have very small second differences, and 
that the differences obtained by other workers 
show variation may perhaps be accounted for 
on the basis of band structure. It will be noted 
that Chow's emission values decrease with in- 
creasing quantum number, while the values in 
absorption run larger. That is, in emission we 
must say that the point of maximum intensity in 
the rotation band is distant from its origin by 
an amount which varies from band to band. In 
absorption the point of maximum absorption 


Tasie IV. Vibrational levels of the normal state. 








Present 
Level Infrared? Chow" Lotmar™ Jonescut writer 
0 0 0 0 0 0 
1 1152 1150 (A) 1150 (1144) 1144 
2 2300 (A) 2300 (2270) 2339 
3 3450 3450 (3378) 34906 
4 4600 4609 (4468) 4607 
5 5750 (5540) 5709 
6 6900 
va’ 0 0 0 0 0 0 
1 525 $21 520 (530) 520 
2 1043 1040 (1060) 1045 
3 1553 (A) 1560 (1590) 1574 
4 2069 2075 (2120) 2104 
5 2578 2590 (2560) 2638 
6 3OR6 3110 (3180) 3150 
7 3590 3630 (3710) 3661 
. 4093 
ts 0 0 0 0 0 0 
1 1361 1354? 1370 (1360) 
2 2676? 2720 (2702) 
3 3966? 4060 (4024) 








t Computed from the Deslandres’ formulae given. 


should also vary, only in this case the variation 
might be in the opposite direction. 


HIGHER FREQUENCY BANDs 


While the bands on the lower frequency side 
of the origin fall into the matrices shown in 
Table III, those on the higher frequency side, 
with the exception of the first eight members, 
present a confused and irregular appearance (see 
Fig. 1—sample microphotometer trace). Since 
the frequencies cannot be made to follow regular 
progressions, partly because the values are taken 
for the points of maximum absorption in each 
band, but perhaps mainly because of some 
inherent disturbances in the levels of the upper 
state, the microphotometer trace was examined 
for clues to an organization. It will be seen in 
Fig. 1 that the intensity increases to peak G, then 
foHows a plateau of intense peaks, after which 
comes a somewhat regular decrease of intensity 
in the neighborhood of V. Finally appears a 
region of collision predissociation about 2600A, 
which has been explained as pressure broadening 
due to an influence of the existence of neighboring 
electron states."* This predissociation occurs only 
when selection rules are broken down by col- 
lision. The perturbing influence of the discrete 
levels of these same, or other, states may perhaps 


8 The summary of Chow and Lotmar’s values is taken 
from H. D. Smyth, Phys. Rev. 44, 690 (1933). 

16 J. Franck, H. Sponer and E. Teller, Zeits. f. physik. 
Chemie B18, 88 (1932). 
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Fic. 1. Microphotometer trace of higher frequency bands. (Many lower frequency bands appear to the left of 
(0, 0, 0)” —(0, 0, 0)’ with larger numbers of molecules in the absorption path.) 


be invoked to explain the irregularities among the 
lower frequency bands. 

The plateau of intensity suggests the over- 
lapping of a number of series of about equal in- 
tensities. In looking for the beginning of the 
(1, v2, 0)’ progression the double peak KZ is first 
arresting ; but that the doubling indicates the first 
member of this progression is little likely in that 
the frequency interval, 2045 cm™, is somewhat 
larger than expected. Also the unsymmetrical 
appearance of peak // argues that the new 
series begins at lower frequency. Particularly 
striking also is the intense band O which is 
apparently rather free of satellite peaks. The 
appearance of the fairly intense peak V, obvi- 
ously in a new series without distinct previous 
members, is also interesting. These observations 
have led to the placing of the beginning of the 
new progression at G (see Table V). 

As in the series beginning with A, the intensity 
may be assumed to rise slowly, G being affected 
negligibly, H and J with increasing influence 
with the maximum of intensity at the sixth 
member O, corresponding to the most intense 
sixth member G in the (0, v2, 0)’ sequence. If 
this has been correctly placed, the (2, v2, 0)’ 
progression begins with O and the (3, v2, 0)’ 
progression with V. The v,' levels on this analysis 
converge rapidly and there is obviously some 
disturbance in the spectrum at peak O (indicated 
by the line drawn in Table V), which, however, is 
to be expected in any organization in view of the 
different appearance of satellites in the bands on 
the two sides of O. Perhaps this is due to an 
interaction of the normal modes of vibration in 
the upper states, and since »;, v2 and even mul- 
tiples of vs belong to the same representation of 


the symmetry group, such an interaction is not 
improbable. If this is the case, the scheme drawn 
up is simply an attempt to approximately 
separate v,’ and ve’. With increasing amplitudes 
of vibration of the molecule corresponding to 
the higher vibrational quantum numbers, the 
interaction may be supposed to increase, and 
that a sudden increase in coupling might occur 
in the upper state corresponding to the energy 
A —O, should not be regarded as too strange. 
The apparent disturbance at O in Table V 
may be explained perhaps more satisfactorily on 
the basis of a sharp decrease of intensity in the 
(1, ve, 0)’ 
irregularities are known in the spectra of diatomic 
molecules.” If this is the case here, the bands 


progression at v2’=6. Such intensity 


Taste V. Proposed transitions from (0,0,0)' 


0, 2,0)’ (1, 02,0)’ 2. m0 3,%,0)’ 
we’ =0 A31945 1368 G 33313 = 1307 034620 =—s-:11219 V 35839 
216 217 226 225 
l B 32161 1369 H 33530 1316 P 34846 1218 Y 36064 
216 230 207 228 
2 C 32377 1383 J 33760 1293 Q 35053 1239 36292 
230 235 244 219 
3 D 32607 1388 KL 33905 1302 R 35297 1214 36511 
243 220 198 196 
4 E 32850 1365 MM’ 34215 1280 ST 35495 1212 36707 
230 225 247 230 
5 P 33080 861360 NN’ 34440 =: 11302 V 35742 =1195 3693 
233 180 18 198 
6 G 33313 =: 1307 034620 1340 W 35960 1175 37135 
234 226 19s 223 
7 H 33547 12990 P 34846 = 1307 Y 36158 1200 37358 
213 207 223 202 
8 J 33760 1293 Q 35053 1328 36381 1179 37560 
235 244 
9 KL33005 1302 R 35297 
220 198 
10 MM'34215 1280 ST 35405 
247 247 
11 NN’ 34462 1280 V 35742 
236 218 
12 346908 1262 W 35960 





In this table Ary’ differences are shown horizontally and the Ar,’ differences 
vertically. The break in the frequency differences at O is discussed in the text. 





17 For example, R. W. Wood and F. W. Loomis, Phil. 
Mag. 6, 231 (1928); J2 fluorescence. R. S. Mulliken, Phys. 
Rev. 25, 259 (1925); BO. 





10t 


wn 
ely 
les 
to 
he 
nd 
ur 
Ry 


ny’ 
39 
25 
OR 
il 

07 
30 
as 
a5 
23 
2 
0) 








SPECTRUM OF SULPHUR DIOXIDE 231 


below the line in (1, v2, 0)’ are wrongly assigned, 
and since peak O is without a strong satellite 
where (1, 6,0)’ should appear, the bands O, P, 
Q, should be placed as belonging to the (2, v2, 0)’ 
progression alone. That this is the more plausible 
assignment is substantiated by the fact that 
peak V, (3, 0, 0)’, is much the strongest member 
of the (3,%2,0)’ progression, and thus the 
(2, %2, 0)’ progression may well have a first 
member with relatively high transition proba- 
bility. 

The first few v2’ levels should in any case not 
be of mixed type and their intervals appear in 
Table III. These levels may be represented by 
the formula 


Go! = 21902' +1.002'*+0.502"", 


which however fails to take into account the 
small decrease in the difference between the 
second and third levels. The v2’ frequency dif- 
ference, approximately 225 cm™, as already 
noted by Lowater'* is prominent throughout the 
band system. The v,’ levels, if the assignment of 
bands just given is correct, may be approxi- 
mately summarized 


Gy’ = 1373v," —_ 7v," _ 6v,"". 


No bands corresponding to transitions from 
excited vibrational levels of the normal state to 
levels of the excited state involving v,' greater 
then zero have been assigned. In view of the 
coincidence v;'’=»,"’+ v2’ and the approximate 
coincidences v3" ~6yv9', v;"’~5v9', together with 
the uncertainties in the frequencies due to over- 
lapping, such a definite assignment of satellite 
peaks does not seem justified. No significant tem- 
perature variation of these satellite peaks has 
been observed; this would indicate that these 
are weak if this interpretation of them is correct. 
(1, 0, 0)’’—(1, ve, 0)’ might show most favorably 
through temperature changes among the weaker 
bands near the origin, but it is believed that the 
transition probability of these in this region is 
small. 

The double bands KL, MM’ and ST with 
reduced intensity as compared with adjoining 
peaks are of interest. The doubling may be 
ascribed to a resonance splitting of the level due 


‘8 F, Lowater, Astrophys. J. 31, 311 (1910). 


to another level in close proximity, in which case 
the intensity of transition would be shared. 
Against this assumption is the apparent absence 
of splitting in the neighboring levels which should 
also be favorably placed to show the effect. 
Another peculiar feature of the spectrum is the 
slight alternation of intensity shown in the bands 
A-—J. This at first suggested two progressions, 
but if so, the two progressions could not converge 
to the same point. No reasonable explanation 
of the phenomenon has been found. 


CONFIGURATIONS AND FORCE CONSTANTS OF THE 
SO, MOLECULE 


From infrared investigations Bailey and 
Cassie” conclude that the normal apex angle is 
122° although their valence force assumption 
permits both a 60° and a 120° solution. This con- 
clusion rests on the identification of the 1360 
cm frequency as the unsymmetrical one. In the 
analogous molecule, ClO, Ku" on the other hand 
favors the acute angled form. 

Van Vieck and Cross® have developed a 
valence force solution for this type of molecule, 
which on a present calculation leads to values 
of the force constants (S—O)=9.8 10° and 
(O—O)=0.42 10° dynes/cm. Here the cross 
terms in the potential energy expression are 
neglected, although if the (O—O) force is partly 
central in character for SO, these may be of 
importance. However a purely central force 
assumption does not give a solution for the 
frequencies observed. The S—O distance used 
in the present calculation is that obtained by 
Wierl™ from electron diffraction, viz., 1.37A. 
From crystal structure data the S—O distance 
corresponding to a single bond should be about 
1.50A, while that corresponding to a double bond 
should be about 1.35A. If one of the bonds is 
single and the other double the resultant value 
should be closer to the double bond distance due 
to the exchange energy.* 


”C. R. Bailey and A. B. D. Cassie, Proc. Roy. Soc. 
London A140, 605 —_ 

2% J. H. Van Vieck and P. C. Cross, J. Chem. Phys. 1, 357 
(1933). 

1 W. Wierl, Phys. Zeits. 31, 1028 (1930). 

* My thanks are due to Professor Zachariasen of this 
department for a discussion on this point. In his opinion 
also the apex angle should not be greatly different from the 
tetrahedral angle 125°. 
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If the molecule is in the normal state when 
it absorbs the incident light, then the transition 
will be strongest to the excited state for which 
the end-point of the vibrational motion (i.e., all 
the vibrational energy potential) puts the mole- 
cule in the configuration most nearly that of the 
normal state. The intensities in Fig. 1 and the 
proposed arrangement in Table V show there is 
no single band that may be definitely taken to 
be the most probable transition from (0, 0, 0)”’. 
The probabilities of transition of (v,'’~—v,') and 
(v2’’—v2") (to the extent that these may be con- 
sidered unmixed »,; and v2 in the two electronic 
states) in combination cause a number of bands 
to appear with about the same intensity. If the 
intensity explanation of the disturbance at peak 
O is accepted, a parabola of maximum intensities 
can be drawn in Table V. Selecting a central 
value on this parabola, the excited molecule 
vibrating with v,;' = 1, ve’ = 3, v3’ =0 may be taken 
as having vibrational energy potential sufficient 
to put the molecule in the configuration of the 
vibrationless normal state. The energy difference 
(1, 3, 0)’—(0,0,0)’ is 2050 cm™ (0.25 volt). 
Since the S—O distance and the OSO angle both 
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undoubtedly change from their values in the 
normal electronic state, it is not possible from 
this data to determine the shape and dimensions 
of the molecule in the excited state. 

Jonescu” from a partial rotational analysis 
reports the OSO angle in the excited state as 96°. 
With the frequencies 225 cm™ and 1370 cm™ 
recognized in the spectrum, Eq. (4) of Bailey 
and Cassie** was used to suggest a possible vy,’ 
frequency. The solutions are in the neighborhood 
of 1400 and 250 cm~'; the former involving the 
less change from the unsymmetrical frequency in 
the normal state appears the more likely. If then 
the unsymmetrical frequencies in the two states 
are so nearly equal it is not surprising (see dis- 
cussion earlier) that these were not identified in 
the spectrum. 

The writer wishes to thank Professor R. S. 
Mulliken for the suggestion of the problem and 
for much help and encouragement throughout 
the investigation. 


1933) 


#2 A. Jonescu, Comptes rendus 196, 1476 
Roy. Soc 


*C. R. Bailey and A. B. D. Cassie, Proc 
London A137, 630 (1932). 
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The Spectra of Lead IV and Bismuth V 


G. K. ScHOEPFLE, Department of Physics, Cornell University 
Received December 11, 1934 


Early investigations in the spectra of Pb IV by Rao and 
Narayan, Smith and Kishen have been extended to include 
34 terms arising from the configurations 5d'*ns, 5dnp, 
Sd'nd, 5dSf, 5d*6s*, 5d°*6s6p and 5d*6s6d. With data by 
Arvidsson, Smith and the author, the region reported 
extends from 198 to 5005A and 79 lines have been classified. 


REVIOUS investigations of Pb IV by Rao 
and Narayan,' and Smith? established terms 
arising from the configurations 5d'°6s, 5d'°6p, 
5d"7s, Sd'°7p, 5d'6s, and 5d'°7d with optional 
assignments for the last four configurations, these 
assignments being commented upon by Kishen* 


1 Rao and Narayan, Zeits. f. Physik 61, 151 (1930) 
? Smith, Phys. Rev. 36, 1 (1930). 


* Kishen, Nature 130, 739 (1932). 


In the extension to Bi V, values have been assigned to 14 
terms involving 18 lines in the region below 1487A. By a 
Hick’s formula the value of the 5d6s *Sq, term has been 
computed to be 340,885 cm™ for Pb IV and 451,700 cm 
for Bi V, giving ionization potentials of 42.0 and 55.7 volts 
respectively. 

in a brief note to Nature. Arvidsson‘ measured 
the spectrum below 1440A due to transitions in 
the various states of ionization of Pb and accord- 
ingly classified the lines as to their states of 
ionization. Using these data and the measure- 
ments by Smith® for the region 2200 to 5005A 
and measurements by the author for the inter- 


* Arvidsson, Ann. d. Physik 12, 1 (1932) 
*Smith, Trans. Roy. Soc. Canada 22, 331 
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Fic. 1. Moseley diagram. 


mediate region, an analysis of the spectrum of 
Pb IV is reported here from 198 to 5005A and 
values have been assigned to 34 terms which 
arise from the configurations 5d'°ns, 5d' np, 
5d'°nd, 5d'°5f, 5d*6s*, 5d*6s6p and 5d°*6s6d. These 
term values, referred to 5d'®'S, of Pb V, are 
given in Table I. The 79 classified lines for Pb IV 
appear in Table II, where in the column C is 
given the classification as to the state of ioniza- 
tion as made by Arvidsson. 

Arvidsson‘ classified three pairs of doublets in 
Bi V, and this report extends the classification to 
18 lines, establishing 14 terms due to 5d'°ns, 
5d'°np, 5d'°nd, and 5d%6s* configurations. These 
term values, referred to 5d'®'S, of Bi VI, are 
given in Table III. In the present investigation 
the region was limited to the measurements by 
Arvidsson from 176 to 1487A. In Table IV are 
the classified lines, the column C giving Arvids- 
son's classification as to the state of ionization. 

In the Moseley diagram, Fig. 1, curves are 
given for the principal terms. The absolute values 
have been determined by applying a Hick's 


Tasce III. Term values Bi V. 





Configuration Symbol J Term value No. of Comb 
5d6s 2s 04 451,700 h 4 
5d6p 2pe 0} 363,940 6 

2pe 1} 336,019 7 

5d? 2D 25 348,044 1 

°p 1} 317,928 2 

1 1} 228,470 2 

5d""6d 7?:p 1} 222,405 2 

°7:—p 2} 219,153 i 

5d'7 5 2s 0} 218,353 2 

5d7 p 2pe 0} 181,075 2 

2pe 1} 170,619 3 

Sd7d *7:—p 1} 134,387 1 

=p 2) 133,064 l 

Sd8s 2S 0} 131,264 2 

h hyperfine separation Av = 13cm 

TABLE IV. Classified lines of Bi \ 


Measurements: Arvidsson.‘ 





c I A(vac.) »(vac.) Combination 
5 i 355.769 281081 SdGs *Soy — Sd”7p *P*s) 
5 1 369.515 270625 5d"6s *Soy — Sd”7p *P°ny 
4 1 429.78 232677 5d6p *P*oy — SdBs *So 
5 1 435.63 229553 5d6p *P%y, — Sd”7d Diy 
5 2 488.30 204754 Sd°6p *P*14 — SARS *Soy 
5 i 492.72 202955 5d6p *P 4 5d”7d *Day 
6 3 563.62 177425 Sd%Gs* 2Doy — Sd7p *P* iy 
5 2 678.87 147304 5d%Gs* 2Di4 — Sd*7P *P i) 
5 6 686.88 145586 Sd6p *P°og — Sd”7s *Soj 
6 1 706.54 141535 5d"6p *P* — 546d *Di4 
5 5 730.71 136853 Sd%G6s* Diy — Sd”7 9 *P*j 
5 10 738.17 135470 546 p $P% — 11 
5 6 849.86 117666 Sd"°Gp *P*14 — SATs *So 
5 5 855.68 116866 Sd6p *P*,4 — SdGd *Day 
5 15 —— ae. SdGs *Syy — Sd6p *P*s; 
5 6 880.17 113614 5d6p *P*14 — Sd6d *Dyy 
5 6 929.81 107549 Sd6p *P%14 — Lay 
5 15 1139.370 87767.8 e o - _ 

0 548 877541 Sd6s *Soy — Sd 2 


formula to the 5d'°6s, 5d'°7s, and 5d'°8s terms in 
each spectrum, obtaining 340,885 cm for the 
5d"6s 2S9, term of Pb IV and 451,700 cm™ for 
the corresponding term of Bi V, giving ionization 
potentials of 42.0 and 55.7 volts, respectively. 
The characteristically large hyperfine structure 
of Bi is noted as 13 cm™ for the *S), term. 
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Vibrations of Symmetrical Tetratomic Molecules 


Jenny E. RosentTHAL, Chemistry Department, Columbia University 
(Received November 15, 1934) 


The general method for obtaining the vibration fre- 
quencies of any symmetrical molecule is outlined, and the 
results of its application to the tetratomic case are given. 
The frequencies are derived for the most general force 
field consistent with geometrical symmetry and also for a 
more specific case based on a simplified model. It is shown 
that the assumption of the rigidity of the bonds requires 


two different forces perpendicular to the lines of bond. The 
coplanar tetratomic and the collinear triatomic molecules 
are found to be the only ones of a number of molecules in- 
vestigated so far, where an unambiguous determination of 
the physical force constants is possible. In the general case, 
no very definite meaning can, apparently, be attached to 
terms like “magnitude of bond constant.” 





HE general procedure for obtaining the 

normal vibration frequencies of a molecule 
of any type of symmetry, with the minimum 
amount of calculations and without the use of 
group theory, may be summarized briefly in the 
following manner.' We write the expression for 
the kinetic energy T in terms of the displacements 
of the various atoms from their equilibrium 
positions. The potential energy, V, a function of 
the mutual displacements of the atoms, is written 
in terms of these variables as the most general 
quadratic form consistent with geometrical sym- 
metry. (For small vibrations there is a linear 
connection between the mutual displacements of 
the atoms and their displacements from the 
positions of equilibrium.) As the next step, new 
variables, linear combinations of the original 
displacements, are introduced and both 7 and V 
are transformed to them, the usual assumptions 
of the conservation of the linear and angular 
momenta are taken into account when the 
transformation on 7 is performed. The normal 
vibration frequencies, w, or rather \=47x*w’, are 
then obtained as the roots of |AT—V)| =0. For 
n degrees of internal freedom, the expansion of 
this mth order determinant will give rise to an 
equation in A of the mth degree. For molecules 
with some kind of symmetry, this mth degree 
equation may usually be resolved into a number 
of component equations of lesser degree. In this 
case, it is possible, by a proper choice of variables, 
to resolve the original determinant immediately 
into a product of determinants of lesser order. 
This proper choice of variables is, to some extent, 
a matter of guess-work in each particular case, 


' A group-theoretical method giving qualitative but not 
quantitative results has been given by E. Bright Wilson, 
Jr., J. Chem. Phys. 2, 432 (1934). 


but, they are usually indicated by the sym- 
metry of the geometrical configuration. A fairly 
detailed treatment illustrating the procedure 
outlined here has been given for the symmetrical 
tetrahedral pentatomic molecules.* Some of the 
results of its application to tetratomic molecules 
of the type YX; have also been previously re- 
ported.* * A complete discussion of the vibration 
frequencies and isotopic shifts of tetratomic 
molecules, both of the pyramidal and coplanar 
types, will now be given together with a dis- 
cussion of various intramolecular forces and of 
the physical meaning of the results. 

Denoting, as usual, the positions of the three X 
atoms by A, As, A; and that of the Y atom by 
Ay, we let 


A Aj=n=P+in; AAj=qi=P+8qii; 
A,A 4A; =20;;=2(9 +62;;); (é, 7=1, 2, 3); 
(the superscript 0 refers to the equilibrium con- 
figuration). The ér, and 49,; are the mutual dis- 
placements of the particles. s° denotes the height 

of the pyramid and g=2°/g’, 
ry? = 2+ ig? = 4g’*(1 + 3g"). 
We introduce : 
x+ 4u=(dr2—5r3)(P°/f); u=bqu—dqi3; 
y+ 1i= (2, y 3)[ 4 (dre + drs) — br, \(r°/@’); 


t= —(2/¥ 3)[4(dqi2+5¢13) — Sq |; 
3gz+w/ Vv 3=(6r,+ 672+ dr3)(P/7’); 


w = (dgi2 + gis + des), v 3. (1) 


x, y and z may be shown to be the displacements 


? J. E. Rosenthal, Phys. Rev. 45, 538 (1934). 

*E. O. Salant and J. E. Rosenthal, Phys. Rev. 42, 812 
(1932). 

‘J. E. Rosenthal, Phys. Rev. 45, 426 (1934).- 
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of the Y atom from its equilibrium position; x 
and y are parallel to the plane of the X atoms 
and < is perpendicular to it. With the six arbi- 
trary constants permitted by the geometrical 
symmetry,’ the potential energy, V, 
as * 

V(x, y, 2, u, t, w) = $[A(x?+ y?) + Bz?+ Cw? 


+2E(xu+yt)+2Few). (2) 


is written 


+ D(u? +2?) 
If the three X 


m,=Me=ms=m (i.e., 
effects) and if M is the mass of the Y atom, 
corresponding expression for the kinetic energy is 


T = 4m[3u(é? +9?) /b+3u2?+ 4(w’+2+w")], (3) 
where n= M/(M+3m) and b=1+ 6ug’. 


atoms have the same mass: 
if we disregard isotope 


the 


The frequencies are then given by 
[ mr? 24), (yi) ~~ myX( 1A b kK + 3D) 


+(b/n)(AD—E?*) }*?=0, 
(4) 


m®d?* 0) —md( 4B/u+3C)+(BC— F*)/u=0. 


The subscripts attached to A indicate to what 
variables, hence to what types of motion, these 
frequencies correspond. With this notation it is 
immediately evident that the vibrations of the 
electric moment are parallel to the symmetry 
axis of the molecule for the two single frequencies 
represented by «;..) and perpendicular to it for 
the two double frequencies. 

In the case where one of the .Y 
placed by its isotope X* so that m;=m+Am, 
while m,=m;=™m, the kinetic energy becomes: 


T= km[ b(1 —K)—pmk ] T 3u(1 —«x)x* 


+ 4(b—px)a? — 2uxie |+4m([b'(1 —2«—px) | 


atoms is re- 


1 


X | 3u(1 —2«)(1—wx)y?+3ufd'(1 
+ ae —K=— BK) — pwr(b — |] ye + qw?) 


+2[ ux(1 —px)y(t—w) —6x(1—2x)gp*yzy 3 


— 2nx2y2 g(t —w)y 3— 4x(b’ — uxb+px)tw of (3’) 


where b’ = b(1—2x)+2x«—yx. The corresponding 


frequencies are given by: 

’ J. B. Howard and E. Bright Wilson, Jr., J. Chem. Phys. 
2, 630 (1934), confirm this result previously given in refer- 
ence 3 in 1932. 

* The constant C used here is identical with (¢ 
ence 4. 


’ of refer- 


ROSENTHAL 


m*d*? — md 4A(b/up—«)+3D(1 —«)+2xE | 
+[(1—«)b/u—x ]}(AD—E*)=0, (4) 
mM (4 20) — Pym'* + Pom)? — PymX4+ P,=0, 
where : 
=[4Ab'’/u+3(1—«)D—2xE } 
+[4(1—px)B/u+3C(1—x«)); 
P,=[(4(1—ux)B/p+3C(1—«) JL 4Ab'/p 
sdipndaieeiiaeiemcalies aS eae 7 
+ (b'/u)(1—«)(AD—E?*) -— «*[(4/3)¢2AB 
+AC+AD—E*+4gF(A+3E)/v3 
+9CD+6CE | 
P;=(b'/u)(1—«)(AD—E?)[ (1 —px)B/u 
+3C(1—x«) ]+(1/u)(1—«)(1—px)(BC- FP 
[4Ab'/pt+3D(1 — x) —2xE ]—(«?/p) 
ri ee Stet kaga 
+4ugFy 3 )+(BC— F*)[ 4A(b'+6-—1) 
oa —px)D+2(1—px)E }} 
P,= 6b’ /u?)(1—2«x—px)(AD— E*)(BC— F*) 
b’ /p?)[ (1 — x) *( 


—x«*(1+2yu—yx) 


1 — ux) 


)(AD—E*)(BC— F*) 


We may now try to correlate the very general, 
arbitrary constants A, B, C, D, E and F with 
certain force constants f), fs, etc., which would 
be postulated on the basis of a simple physical 
model of the molecule. We would expect that 
for YX; the potential energy for small vibrations 
around an equilibrium configuration could be 
expanded in the form: 


V= V°+(0V 
+ (AV /dr)*(6r, + bre+ brs) 
+ 4(0? V/dr*)°(dr,? + dre? + 5r5”) 
+4(8? V/dg*)"(dq12? + 5913? + 5¢28*) 
where W represents the potential energy due to 


the rigidity of the bonds, i.e., due to restoring 
forces perpendicular to the lines of bond. 


0q)°"( 6g 12 + gis + 5¢23) 


)\+W, (5) 


7, 8 9 


assumed for the pentatomi 


‘Cf. the potential energy 
A. Bradley, Jr., Phys. Re, 


molecule by H. C. Urey and C. 
38, 1969 (1931). 

* A different expression for the potential energy of the 
pyramidal molecule based on chemical considerations has 
been given in reference 5. 

®*D. M. Dennison, Phil. 
sidered the case: W=0. 


Mag. 1, 195 (1926), has con- 
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These perpendicular forces are of two kinds : there 
are forces proportional to the change in angle 
between any two bond lines;'® in addition there 
is a force proportional to the change in trihedral 
angle at the top of the pyramid. In the coplanar 
case the first force is in the plane of the X atoms, 
while the second one is perpendicular to it. 
Denoting the trihedral angle by 2S and the force 
constants (multiplied by suitable factors which 
simplify calculations) by f, and f2, we obtain: 


W=4{(fs(1+12g?)(1+3g?) ]r??(62127 + 62,3" 
+ M5") +[ (1/9) (1+12g?) fe (r°SS)*}. (6) 


It may be shown that in the case of the pent- 


‘ atomic molecule the two forces are identical." 


The condition of stable equilibrium for the 
non-vibrating molecule requires that (dV/déq)° 
=(0V/dr)°=0, whenever ¢g#0, and (dV/dr)® 
= — (dV /dq)*y 3 for g=0. If we let: 

(0°V/dr*)®=(1+3g")fi; (0°V/dq?)=fs; 


(aV dr)*=q'"f5, v 3, 


~~ 


we obtain two different sets of relations con- 
necting A, B, etc., with the various f's for the 
pyramid and the coplanar case. These relations 
are: 


Pyramid Coplanar Structure 


A=3(fit2fe/2 A=3(fitifeths)/2 
B=3(3g%f:+f2+9g"f0) B=3(fr+f:) 
Caifitehtht9ets  g Caihith al 
D=bfitd fot hl +6e")"fe D=thitifrtife 
E=}f:—i(1+6g*)f, E=$fi—ifs—tfs 
F=g(fi—fe—%*fa) V3 F=0 


(If we substitute in Eqs. (4) the constants A, 
B, C, etc., by their values as given by (8’) and 
let fo=f,=0, the resulting equations reduce to 
those given by Menzies,” supporting his formulae 
as against those given by Nielsen.'*) 


” F. Lechner, Wien. Bericht 141, 633 (1932), has con- 
sidered the case where this particular force is the only one 
present in addition to the force along the bond. 


In the pentatomic case we have to take >} (r°55;)* 
i=1 


for the four pyramids formed by the Y atom and any three 
X atoms. This sum is equal to a constant factor times 


> (r82;;)*. 
t, jal 

2 A.C. Menzies, Proc. Roy. Soc. A134, 265 (1931). 
3H. H. Nielsen, Phys. Rev. 32, 773 (1928) 


Eqs. (8) contain implicitly the two relations of 
linear dependence between the constants A, B, 
C, D, E and F: 


A(1+6g?)+3E—B—(Fy 3)/g=0, 
3(2D — C) +2E(1 +6?) 
— F(1+3g?)/gv 3—4B=0. 


(9) 


They come in because the simplified model 
requires only four force constants for the pyra- 
mid, as compared with the six allowed by sym- 
metry considerations. For the coplanar case, the 
potential energy must, for symmetry reasons, be 
an even function of z, so that F=0 independently 
of any special assumptions. Since in this case 
{s;40, the simplified model requires just as many 
constants as are allowed by symmetry consider- 
ations. Hence we can ascribe a definite physical 
meaning to each one of the general constants and 
determine unambiguously the values of the bond 
and other constants. The coplanar tetratomic 
and the collinear triatomic molecules seem to be 
the only ones of all the cases considered so far 
(triangular triatomic, pyramidal tetratomic, 
tetrahedral pentatomic configurations) where 
this is possible. For the other molecules, the 
determination of the physical force constants is 
dependent on the validity of expressions of the 
tvpe of Eqs. (9). If experimental data (vibration 
frequencies, together with isotopic shifts) should 
show that the constants A, B, C, etc., are in- 
dependent of each other, it would be necessary 
to postulate additional forces in order to account 
for the data. On the basis of a simple model, 
there is no obvious way of introducing these 
additional forces. Different assumptions could 
be made and corresponding to each one we would 
obtain a different value for the magnitude of the 
various forces. It is therefore questionable, 
whether any very definite meaning can be at- 
tached in general to terms like : ‘magnitude of the 
bond constant."’ But for the molecules YX, 
where the isotopic shifts are small, it is possible 
with four force constants to account for the data 
within the limits of uncertainty of the anhar- 
monic corrections to the vibration frequencies. 

In conclusion, I want to thank Professor H. C. 
Urey for his suggestions and interest in this 
problem. 
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The Periodicity of Morse’s Function 


C. H. DouGias CLARK, Department of Inorganic Chemistry, University of Leeds, England 
(Received July 9, 1934) 


The applicability of a simple modification of Morse’s 
rule has been tested, and found generally satisfactory for 
simple non-hydride di-atoms and for hydrides of the KH 
period. Morse’s function is shown to possess a periodic 
character, and to be capable of adjustment by the intro- 


I. INTRODUCTORY NOTE 


N the present communication, the term “‘di- 

atom” is used in place of the conventional 
“diatomic molecule,"’ for reasons which will be 
detailed elsewhere. 

The author’s proposed classification of di- 
atoms into periodic groups' has suggested a 
number of relations between their spectroscopic 
constants. In the course of this work, it was found 
possible to improve Morse’s function (see Eq. (1) 
below) for simple non-hydride di-atoms.? The 
modification may also be applied to hydride di- 
atoms of the KK period and, with certain 
limitations, to more complex cases. The purpose 
of the present communication is to show the 
periodic character of the function. 

The group number of a di-atom is defined by 
the total number of valency electrons of the 
constituent atoms, and denoted by n. It corre- 
sponds to the number of “shared” electrons, as 
distinguished from ‘‘non-bonding”’ electrons, the 
shared electrons having their atomic quantum 
designations more or less strongly modified when 
union occurs. 

The classification of non-hydride di-atoms is 
essentially three-dimensional and consists of 
combining in all possible ways different pairs of 
non-bonding groups with different groups of 
shared electrons. The basis is a two-dimensional 
matrix of combinations between pairs of com- 
pleted K, L, M--- rings on a horizontal plane, as 
follows: 


502 


1C. H. Douglas Clark, Proc. Leeds Phil. Soc. 2, 


(1934). 
*C. H. Douglas Clark, Phil. Mag. [7] 18, 459 (1934). 


duction of group numbers and period constants on the basis 
of the classification of di-atoms suggested by the present 
author. The contention that di-atoms should be regarded 
from the standpoint of their periodic group functions thus 
appears especially significant. 


KK KL KM 
LK LL LM 
MK ML MM 


Vertical lines, intersecting further horizontal 
planes defining molecular groups and sub-groups 
are then erected upon each compartment of the 
period matrix, used as a basal plane. The details 
will be communicated elsew‘iere. 

The classification of hydride di-atoms is two- 
dimensional, periods being denoted by KH, LH, 
MH.:-:-. 

Elementary di-atoms are represented by sym- 
bols of the type Lili, NN, OO, etc. 


Il. Morse’s FUNCTION 


Morse’ proposed an empirical relation between 
the two fundamental magnitudes w,, the equi- 
librium nuclear vibration frequency for small 
amplitudes, and r,, the equilibrium nuclear 
separation of a di-atom, to the effect that 


w,r.* =a constant. (1) 


Whilst several authors have pointed out that 
Morse’s rule is subject in certain cases to con- 
siderable errors, no one appears to have in- 
vestigated the matter systematically up to the 
present time. 

A careful examination shows that the Morse 
expression, far from assuming a constant value, 
is a periodic group function of the atoms con- 
cerned, at any rate in the simplest cases where 
data are available. 


*P. M. Morse, Phys. Rev. [2] 34, 57 (1929). 
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Fic. 1. The periodicity of Morse’s function in the case 
of simple non-hydride di-atoms containing at least one 
completed K ring, in their ground states. 
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Fic. 2. The periodicity of Morse’s function in the case of 
simple hydride di-atoms in their ground states. 


The results are plotted in Fig. 1 (non-hydride 
di-atoms) and in Fig. 2 (hydride di-atoms) 
against the number of extranuclear electrons Z’. 
The periodic nature of the function is thus 
clearly demonstrated. The value of Morse’s 
constant is taken as 3000 and 6000 for non- 
hydride and hydride di-atoms, respectively. The 
general form of the two curves is roughly the 
same. The apparent constancy of the function in 
the case of non-hydride di-atoms appears to have 
been due to the fact that the molecules considered 
were mainly those lying near the flattest portion 
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of the first sweep of the curve in Fig. 1. Whatever 
correction is appropriate for modifying Morse's 
expression, it appears that this periodicity must 
be compensated for. 

The author® * has suggested a simple modifi- 
cation of Morse’s function to the effect that 


wr) n= K (2) 


where K is a constant throughout any simple 
period of non-hydride di-atoms or di-atom ions. 
With the introduction of appropriate period 
constants determined empirically and with the 
group number » as defined above in all cases, 
very considerable improvement in the accuracy of 
the relation has been obtained. This is shown in 
Table I, for non-hydride di-atoms. 


TaBLe I. 








Number of 1, calculated from w, 





Period electronic Percentage average 
constant states error 
Period K considered Morse Clark 
KK 9,550 29 5.2 1.3 
KK* 9,050 7 1.9 1.2 
LK 12,850 7 9.2 1.3 
Mean errors 5.4 1.3 





The importance of a relation of the Morse 
type lies in the fact that it enables r, to be 
calculated from w, in undetermined cases. These 
constants are required in the construction of 
potential energy-nuclear distance curves, by 
means of formulae due to Kratzer, Morse and 
others. The constants in these formulae are 
directly related to the fundamental constants 
of the Morse function. These curves are likely to 
be found of increasing practical usefulness in the 
interpretation of the mechanism of chemical 
reaction. 


III. GRAPHICAL REPRESENTATION OF THE PRO- 
POSED MODIFICATION OF Morse’s RULE, 
AS APPLIED TO SIMPLE Non- 
Hypripe D1-AToms 


Fig. 3 shows the mean percentage errors in 
r,s for different cases in the KK, KK*+ and KL 
molecular periods, as calculated by the method of 
Morse (thick lines) and of the author (barred 
lines). It is observed that Morse’s errors tend to 


*C. H. Douglas Clark, Nature 133, 873 (1934). 
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Fic. 3. Comparison of mean percentage errors in r, by 
the Morse and the modified Morse expressions in the KK, 
KK* and KL periods of non-hydride di-atoms. 


Period KK mean errors: 


Group Morse Clark 
2 —24.7 —1.3 
s —5.7 1.9 
Q —1.9 0 
10 —0.2 0 
11 +1.4 0.3 
12 +2.8 0 
Period KK*: 
9 +-0.7 +0.9 
1 +4.8 +1.0 
Period KL: 
9 10.5 +0.9 
10 -10.9 1.3 
12 -5.8 1.1 


become increasingly positive with increasing 
group number in each period. In the KK period, 
Morse’s errors become positive from a large 
negative error (Lili). It thus happens that 
Morse’s unmodified formula fits the facts best in 
the region of groups 9 to 11, where the line 
crosses the zero error line. 

It should be borne in mind that in evaluating 
the cube of the equilibrium internuclear distance, 
any experimental error is correspondingly magni- 
fied. In comparing results obtained by the two 
methods, therefore, it is probably best to compare 
the function r.w,'/*? with rw,'/'n'’*®. In Fig. 4, the 
logarithms of these functions to base 10 are 
plotted against molecular group numbers. The 
general parallelism of the two sets of curves 
amongst themselves is noteworthy. The Morse 
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Fic. 4. Comparison of Morse and modified Morse ex- 
pressions in the KK, KK* and KL periods of non-hydride 
di-atoms (ground states). 


log 7 etag'/*n!'* lOg F eve 

Period Mol (Clark) (Morse) 
AK LiLi 1.325 1.275 
BeO 1.331 1.181 
BeF 1.326 1.167 
NN 1.330 1.163 
NO 1.326 1.152 
OOo 1.327 1.147 
KK* Cor 1.319 1.160 
OOFr 1.322 1.148 
KL SiN 1.375 1.216 
SiO 1.375 1.209 
SO 1.370 1.190 

functions always fall with increasing group 


number in each period. There is a discontinuous 
gap between different periods, with a small 
lowering for KK di-atom ions. The corrected 
expression gives essential parallelism with the 
group axis, as the condition for constancy re- 
quires. 

Morse considered that with increasing atomic 
weight difference of the constituent atoms of a 
di-atom, an increasing correction of the type of an 
“asymmetry factor’ (4.17,\/:/(.\,+M,)*)"* 
might become necessary, where A/,, Af, are the 
masses of the individual When these 
masses are equal, the factor reduces to unity and 
therefore would not apply to the di-atom LiLz, 
where Morse’s unmodified expression yields large 


nuclei. 


errors in calculating internuclear distance of the 
order of 25 percent.‘ Hence it appears that, at 
any rate for the simpler cases, the correction 
should depend rather upon change of group 
number and of period, with a small correction for 
ionized states, as suggested by the present author. 
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Accommodation Coefficient of Mercury Ions on a Mercury Surface 


R. C. Mason, Westinghouse Electric and Manufacturing Company, East Pittsburgh, Pennsylvania 
(Received November 12, 1934) 


The pressure exerted on a mercury surface, to which 
were attracted mercury positive ions produced in a 
mercury arc, was measured by a modified form of Chattock 
micromanometer. The pressures found were entirely too 
large to be given by the neutralized ions alone, even if they 
had an accommodation coefficient of zero. The correction 
for the general heating of the mercury surface was not 
large. The most probable explanation is that each ion 
sputtered a large number of atoms and that the reaction 
on the surface of these escaping sputtered atoms gave the 
observed forces. If a is the accommodation coefficient, 
defined as the fraction of the energy of the impacting ions 
which is not carried away by the sputtered atoms; n, the 


N accommodation coefficient for positive 

ions neutralized at a metal surface, anal- 
ogous to the long known accommodation coef- 
ficient for neutral molecules, was first discovered 
by Van Voorhis and Compton;' defining the 
accommodation coefficient a@ as the ratio of the 
actual heating of a metal target to the expected 
heating if all the kinetic energy of the impacting 
ions were given up to the metal, they found a 
for A and Ne on Mo, and He on Pt to be 0.75, 
0.65 and 0.35 to 0.55, respectively. Later meas- 
urements” * on the momentum imparted to a 
metal target by the neutralized ions gave for a, 
defined in the same way, but with energy trans- 
lated into momentum, the average values 0.49, 
0.84 and 1.0 for He on Mo, A on Mo and A on 
Al, respectively. Aside from its intrinsic interest, 
the accommodation coefficient of mercury ions 
on a mercury surface is of obvious importance in 
momentum and energy considerations at the 
cathode of a mercury arc. 


EXPERIMENTS AND RESULTS 


From the previous experiments and simple 
theory,’ it was expected that the accommodation 
coefficient for mercury would be very close to 1; 
consequently, an extremely sensitive method of 
measuring the force on a mercury pool was 
sought. Of several possible ways, the simplest 
seemed to be the use of a Chattock micro- 

1 Van Voorhis and Compton, Phys. Rev. 37, 1596 (1931) 


? Lamar, Phys. Rev. 43, 169 (1933) 
> Compton and Lamar, Phys. Rev. 44, 338 (1933) 


number of atoms sputtered per ion; V,, the electron volt 
equivalent energy of the sputtered atoms, then the experi- 
ments set these limits for 1000 volt idns: 


100>n>7.8; 0.92>a>0; 0.78<V,<128. 


The force exerted on the mercury surface was a linear 
function of the energy of the ions, represented approx- 
imately by 

(F/i)(dynes/amp.) =9V (volts). 


From a critical examination of the sources of error, it seems 
the true forces must have been greater than the values used 


above. 


manometer.* The usual design had to be altered 
considerably for the purpose of this experiment, 
and the water and castor oil commonly used 
were replaced by liquids of low vapor pressure 
and low viscosity. The final assembly is shown 
in Fig. 1, the micromanometer being mounted 
upon the tilting frame of the standard instru- 
ment made by the Cambridge Instrument 
Company. 

Essentially the micromanometer consists of a 
U-tube employing two liquids of slightly different 
density. The surface of separation of the liquids 
occurs in a vertical limb, at the end of the narrow 
tube O. The interfacial tension of the liquids is 
large, and the levels are adjusted so that the 
heavier liquid forms a bubble in the lighter liquid 
at the end of O. The surface of separation is 
observed in a microscope M. As a third com- 
ponent, mercury, must necessarily be introduced, 
the decrease in sensitivity which results may be 
minimized by making the ratio of the areas of 
the mercury pools E and P to the area of O, as 
large as possible. The liquids chosen for the 
manometer were diethylene glycol, of density 
1.1108 at 28.5°C, for the heavy liquid, and 
dibutyl phthalate, with a chlorinated dipheny! 
added to bring the density up to 1.0866, for the 
light.* By freezing the mercury in trap 7, it was 

*Chattock, Phil. Mag. 217, 96 (1901); Stanton, Proc. 
I. C. E. 156, 83 (1904); Chattock and Tyndall, Phil. Mag. 
19, 450 (1910) 

* These were chosen because of their availability in the 


laboratory; the vapor pressure of the diphenyl compound 
was high enough, however, that a liquid air wap between 
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possible to introduce the manometer liquids at 
U’ in the proper sequence, with thorough pumping 
of the system at each step. The tubes L; and L» 
were sufficiently long and flexible to permit con- 
siderable adjustment of the levels of the liquids, 
and in particular, the surface of separation at O 
could be brought to the desired position, by 
moving the micromanometer relative to the tube 
D and pool P. 

Because of rapid changes in atmospheric 
pressure produced by convection currents in the 
room, it was necessary to close the vessel G by 
connection to a 20 liter container. Changes in the 
temperature of N also produced pressure changes, 
but these were slow and could be compensated 
for by the adjustment of the micromanometer. 

The device was calibrated by raising the cut-off 
K so that the pressure on 7 remained constant, 
and then changing the gas pressure in D. The 
change in pressure on P, read directly on a 
McLeod gauge, produced a change in the position 
of the surface of separation at O which was 
observed in a micrometer eyepiece in M. The 
sensitivity of the device was such that steady 
pressure differences could be read to 0.1 dyne 


the manometer and discharge tube was necessary. A 
better choice for the light liquid would seem to be benzy! 
butyl phthalate or methyl butyl phthalate, as suggested 
to me by the Commercial Solvents Corp. 


MASON 


per sq. cm, and rapidly changing pressure dif- 
ferences, to 0.5 dynes per sq. cm. 

Positive ions were produced by an arc between 
the thermionic cathode C and anode A. The 
electron temperature, electron density and space 
potential were determined by using P as a 
Langmuir probe. In all tests the residual gas 
pressure was less than 10~* mm, so substantially 
only mercury ions were present. It was not 
possible to bake out the tube or distil] in the 
mercury, but the mercury was double distilled 
before being put in G and the containing tubes 
were carefully washed out. The surface at P was 
frequently changed by overflowing. 

In order to measure the reaction on P when it 
collected positive ions, the bubble at O was 
adjusted to a desired position on the M eyepiece 
scale with P insulated; then suddenly, a large 
negative voltage was applied from P to A. Any 
change in the pressure on P, due to the impact 
of the positive ions, resulted in a movement of 
the surface of separation at O, because the 
pressure on // was unaffected by application of 
voltage to P. Ideally, the manometer is supposed 
to be tilted so as to keep always the same position 
for the surface of separation at O, but practically 
it was found the magnitude and rapidity of the 
changes were too great for this. As the best 
alternative, the deflection of the interface for 
different pressure changes was determined by 
direct calibration. Thus, for any change in 
position on the eyepiece scale, the change in the 
force acting on P was known. That this method 
was sufficiently accurate was checked by its 
reproducibility. The manometer was always 
calibrated immediately after a series of tests, 
and the calibration changed but little from day 
to day. 

At first, it was almost impossible to keep the 
bubble at the zero position of the scale, because 
of the effect of temperature changes in the tube 
D, and particularly because of the thermal ex- 
pansion of the mercury in P and its connecting 
tube of different diameter. By raising the level of 
mercury in the overflow tube surrounding P 
almost to the same level as the mercury in P, and 
by placing a cooling bath B around both, the 
drifting of the manometer with P insulated was 
almost eliminated. The most consistent results 
were obtained with a melting ice bath in B. 











ACCOMMODATION COEFFICIENT 243 


As the force acting on P proved to be a func- 
tion of time, the usual procedure was to bring 
the surface of separation at O nearly to the 
desired zero position by means of the leveling 
screws on the micromanometer frame. Then, the 
position of the interface in the eyepiece scale was 
read every few seconds, the time being noted on 
stop watches. After several seconds with P 
insulated—long enough for the steady drift to 
be secured—negative voltage was applied to P, 
and readings continued for perhaps 1 or 2 
minutes. Usually, voltage was then removed, 
and readings obtained for several seconds longer. 

In addition to the reaction of the neutralized 
ions leaving the mercury surface, a force may be 
imparted to P as a resuit of the heating of the 
surface by positive ion impact. The magnitude 
of the heating effect alone may be found by 
heating the surface by other means—by electron 
bombardment, for instance. If P is made slightly 
negative with respect to space, the electrons 
reaching it move under a retarding field, so the 
average energy of the electrons striking the 
surface is 2k7T, where T, is their temperature in 
the discharge. The watts input per ampere of 
electrons is 2k7./e+¢— where ¢_ is the heat of 
condensation of the electrons, arbitrarily taken at 
4 volts. The mass of the electrons is so small, the 
momentum involved is negligible. The number of 
positives striking the surface is practically the 
same as when a large negative voltage is used, 
but their energy is so much less (pool 1.5 to 4 
volts negative to space as compared to 50 to 1000 
volts) that their effect is also negligible. 

The effect of heating the mercury is twofold; 
first, the increase in temperature causes a rela- 
tively large increase in the number of atoms 
leaving the surface, and possibly an increase in 
the number striking the surface. Consequently, 
the pressure on the surface is increased. Second, 
if the surface and vapor were in equilibrium 
before the heating started, then the number of 
atoms leaving the surface, after the temperature 
increases, is greater than the number striking, so 
a net loss of mass results. This is interpreted by 
the micromanometer as a decrease in pressure on 
the pool P. If the mean free path were large 
compared to the dimensions of the tube D, then 
one could write for the change in force on P when 
it is heated, 


aF=(p~pa)/2—af (p— po)dt, (1) 


where f» represents the pressure of Hg vapor in 
the tube at ¢=0, when the heating starts; p, the 
pressure of Hg vapor corresponding to the tem- 
perature of the surface at a time #; and a, a 
constant given by kinetic theory as 0.034. The 
temperature of the surface, and consequently ?, 
is an increasing function of the time of heating ; 
it eventually reaches a constant value, however, 
when all the heat input is lost by conduction or 
evaporation. Now actually, the vapor density is 
such that the m.f.p. {is short compared to the 
dimensions of D, so the actual AF cannot. be 
represented by an equation as simple as (1): 
the first term should be greater than given in (1), 
and the second term “should be less, with a no 
longer constant but a’function of both p and po. 
Eq. (1) does give an indication, however, of 
what may be expected; the force AF is zero for 
t=0, increases to a maximum, and then con- 
tinually decreases because of the last term. A 
typical illustration may be found in Fig. 2, 
where the deflection of the manometer for elec- 
tron heating of P is plotted against time; the 
point ‘‘on” shows when the electron current to 
P was initiated. 

When positive ions strike the test pool, the 


force is 


AF=W(T)+J]—St, (2) 


where W(T) represents the effect of general 
heating, J is the reaction resulting from an 
accommodation coefficient less than 1, and S 
gives the rate of sputtering, to be discussed in 
the next section. If equilibrium is established 
before the application of negative voltage to P, 
then W=0 when t=0, so the initial value of AF 
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is simply J. Thus if one could measure AF for 
very short times, then J could be found at once. 
Unfortunately, the micromanometer has con- 
siderable time lag, chiefly due to the inertia of 
the large masses of mercury in pools FE and P: 
with a suddenly applied force about 8 seconds 
elapses before the deflection of the manometer 
reaches 90 percent of its final value. Instead of 
the positive ion response being a sudden increase, 
followed by a slow rise to maximum, the time lag 
of the instrument causes it to show a fairly rapid 
rise, followed by slower increase to maximum, 
as shown in Fig. 2. It is impossible to extrapolate 
such a curve to ¢=0 with accuracy. Conse- 
quently, the following procedure was adopted: 


for positive ion bombardment the value of AF 


at the end of the rapid rise (from 6 to 10 seconds 
after voltage was applied) was read; this is 
somewhat less than the true value of AF for 
t=10 sec., because of the lag of the instrument 
and because the readings were often for times a 
little under 10 sec. For electron heating, the 
value of AF=W(T) at 10 seconds was deter- 
mined. Now the true value of J, the reaction due 
to the impacting ions is greater than the differ- 
ence between the AF for positive ions and the AF 
for electrons giving the same heat input to the 
mercury surface. 

Disturbing factors, such as 
changes in different parts of the apparatus, 
drops of mercury falling into the pool, vibration 
of the building, etc., rendered it necessary to take 
a large number of readings for each condition. 
Those in which it was obvious extraneous factors 
were involved were discarded, and the remainder, 
usually from 4 to 10, were averaged to get the 
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data which are plotted in the accompanying 
figures. Fig. 3 shows the increment in pressure 
on the pool P plotted against watts per sq. cm 
input to the pool, both for electron and positive 
ion impacts. In Fig. 4, the force observed divided 
by the positive ion current is plotted against the 
potential of the pool negative to space, for curve 
c; for curve d, the observed force for positive 
ions is first decreased by the ordinate of curve 
b, Fig. 3, for the corresponding watts input. 
Curve d, presumably gives the force per ampere 
of positive ions, resulting from an accommodation 
coefficient less than 1. The most reliable data are 
indicated by the solid points. 

For voltages less than about 50, the forces for 
the largest obtainable positive ion currents were 
too small to be read with accuracy; for voltages 
greater than 1000 and currents above 1 m.a. 
per sq. cm the forces were too large to be read 
by the micromanometer in its present form. 
Typical data for one particular test are recorded 
below ; the ranges covered in all the experiments 
are listed in the parentheses 

Test 9-24; arc 10.4 amp. (1.5-20), 26 volts 
(18-26) ; electron temp. 29,300°K (9600-30, 200) ; 
over 280 m.a. cm?* 
0.805 


random electron current, 
33-280); random pos. ion 
m.a./cm? (0.09-1.73); 
negative to A (5.5—10.5); 
0.51 cm; temp. cooling bath 4° (2° to 5° when 
cooled) ; applied voltage P to A 1000 (60-1000) ; 
2.74-28.4) ; initial 
1.78-8.4 


current, 


space pot. 5.5 volts 


dark space thickness, 


pos. ion current, 13.1 m.a 
deflection 1.55 div. =8.04 dynes cm? 
area of P, 16.45 cm*. 
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DISCUSSION OF RESULTS 


The momentum delivered to the mercury 
surface by the impacting positive ion is just 
balanced by the electrical forces exerted on the 
mercury ; however, if the neutralized ion leaves 
the surface with some of the kinetic energy it 
acquired in falling through the space charge 
sheath, then the momentum imparted to the 
surface is 


mv = m(1—a)*(2eV/m)}, 


where a is the accommodation coefficient and V 
is the potential drop in the space charge sheath. 
If the neutralized ions leave in random directions, 
then the average normal component of momen- 
tum is only 4 the above. If a current ¢ of mercury 
positive ions flows, then the pressure on the 
mercury pool should be 


F agus em? > 100 Sone. em? V3 voits( 1 ne a) - (3) 


For a independent of V as previous experi- 
menters have found approximately true, then 
F/i should be proportional to V!. The maximum 
possible value of F/i is given by putting a=0 
(i.e., assuming the ions are elastically reflected 
upon neutralization) ; such a maximum is plotted 
in curve e, Fig. 4. One sees that e lies below all 
of the uncorrected experimental points; and if 
a=0, then no energy is given to the mercury 
surface, and no correction for heating of the 
surface should be applied to the measured forces. 
Only possibly for positive ion energies less than 
100 volts can the experimental points agree with 
Eq. (3); and for energies of 1000 volts, the dis- 
crepancy is wide. Furthermore, the experimental 
data show F/i is proportional to V and not to 
V4 as Eq. (3) would require. Thus both in mag- 
nitude and way of variation with energy of the 
positive ions, the observed forces cannot be 
exerted by the neutralized ions alone. 

For a given total energy, the momentum is 
proportional to the square root of the mass 
involved ; so, one can account for the observed 
forces by supposing many atoms react upon the 
mercury surface for every ion measured. This can 
occur if an ion makes several collisions in passing 
through space charge sheath. With momentum 
conserved, the total momentum given to the 
mercury surface by all the impacting particles, 


both the ion and the neutral atoms with which 
it has collided, is still balanced by the electrical 
force on the mercury. If, however, the neutral 
atoms also have an accommodation coefficient 
less than one, then the reaction of these atoms 
and the neutralized ion leaving the mercury 
yields a net force on the mercury. The question 
thus arises, is the mean free path of the mercury 
ion less than the space charge sheath thickness? 

The mercury vapor density in the discharge 
tube is not known precisely, but it may be 
estimated as follows: in order to carry away the 
heat input to the mercury, in the steady state 
with the pool insulated, a temperature drop of 
less than 20° between the surface of the pool and 
the outside of the discharge tube, is estimated 
from the dimensions and geometry of the mer- 
cury pool P and the mercury surrounding it in 
the overflow reservoir. The temperature of the 
outside tube wall was perhaps 50° in the early 
tests, but when a cooling bath was used, as was 
the case for all the data plotted in Figs. 3 and 4, 
the temperature of the bath was between 2° and 
15°; when the best data were obtained, the tem- 
perature was 2° to 4°. The temperature of the 
mercury surface, then lay between 20° and say 
40° ; the corresponding vapor pressures are 0.0012 
and 0.0061 mm. At these pressures, the mean free 
path of the mercury atom would be 1.37 and 0.27 
cm. For many of the trials, the m.f.p. of the 
mercury ion was certainly greater than 1 cm. 
The space charge sheath thickness was observed 
visually in a number of cases, and could be cal- 
culated of course; the measured values were 
about 30 percent higher than the calculated (see 
below). The greatest thickness, for 1000 volt 
applied to the probe, was only 0.76 cm. Though 
some collisions undoubtedly occurred within the 
sheath, it seems very unlikely that a sufficient 
number of collisions were made to account for 
the large forces. 

The other alternative is that many atoms 
leave the surface of the mercury for each 
positive ion which strikes, or as one may say, 
the sputtering of the mercury surface is large. 
This is reasonable from the v. Hippel theory* 
which attributes sputtering to local vaporization 
from a limited area, raised to a high temperature 


*y. Hippel, Ann. d. Physik 81, 1043 (1926); Blech 
schmidt and v. Hippel, Ann. d. Physik 86, 1006 (1928) 











246 Te om 


for a very short time by the impact of a positive 
ion. The time the temperature remains high 
enough for rapid vaporization is inversely pro- 
portional to the thermal conductivity of the 
material. The rate of vaporization depends upon 
the vapor pressure of the material, which can be 
approximated by p= Ae-*’*", where ) is the heat 
of vaporization per molecule. Sputtering thus is 
influenced to some extent by the thermal con- 
ductivity, but to a much greater degree by the 
latent heat of vaporization, since the latter occurs 
in the exponential. The v. Hippel theory does not 
attempt a quantitative explanation of sputtering, 
but it is successful in predicting the relative order 
in which the metals sputter. Data for the sput- 
tering of mercury are not available, but the 
sputtering of other metals by 1000 volt mercury 
ions is between 1 and 5 atoms per ion.” * * Con- 
sider the value for platinum, 1.75 atoms per 
ion :* the thermal conductivity of platinum is 
about 8 times that of mercury, while the latent 
heat of vaporization of platinum is almost 10 
times that of mercury; the sputtering rate of 
mercury must be far greater than that of plat- 
inum. The thermal conductivity, and particu- 
larly, the heat of vaporization are so much less 
for mercury than for the metals for which little 
sputtering is found, that it would not be sur- 
prising to find the sputtering of mercury to be 
greater by one or two orders of magnitude. 

A distinction should be made between the 
local vaporization or sputteririg and the general 
vaporization, which occurs uniformly over the 
surface. Any reaction due to the latter is included 
in the correction made for the effect of heating 
the mercury surface; the former is directly 
attributable to the positive ion impacts. 

If many atoms leave the mercury surface near 
the point of impact of a positive ion, it is useless 
to inquire which is the neutralized ion and with 
what velocity it leaves; experiment gives only 
the reaction of all the atoms. The definition of 
accommodation coefficient may be generalized, 
to cover the present case, with the following 
simplifying assumptions: suppose the sputtered 
atoms, including possibly but not necessarily the 





? Meyer and Guntherschulze, Zeits. f. Physik 71, 279 
(1931). 

* Henderson and Gideon, Phys. Rev. 43, 601 (1933). 

* Compton and Langmuir, Rev. Mod. Phys. 2, 
(1930). 
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neutralized ion as one of their number, all have 
the same velocities which are distributed ran- 
domly in direction away from the surface; let 
n=No. of sputtered atoms per incident ion, 
v=velocity of emission, m=mass of individual 
atom. Define a, the accommodation coefficient, 
as 


a= (eV —4mnv*)/eV. (4) 


The pressure exerted on the surface will be 


F=i/e-4mnv. (5) 


Now, from Fig. 4, the force on the mercury 
surface is seen to be almost directly proportional 
to the energy of the impacting ion, with a small 
uncertainty involving the correction for general 
heating. Approximately, then 


F, taynes amp. — 9 V, (6) 


where V is the energy of the ion in electron 

volts. Substituting in the expression for a, and 

changing to practical units 
a=1-—7.8X10°V/n. 


(7) 
The kinetic energy of an individual sputtered 
atom, 


imv?’=eV, say,is V,=7.8X10-*(V/m)*. (8) 


Now a defined in this way must be positive, so 

n>7.8X10°V. (9) 
An idea of the upper limit of » may be obtained 
from the rate of change of AF with ¢; in Eq. (2), 
if none of the sputtered atoms return to the 
mercury pool S=n(i/e)mg. Since W is also a 
function of ¢, through the temperature, S cannot 
be greater than —dAF/dt. For V=1000, the 
experimental data show that m must be less than 
100. So these rough limits may be fixed, for 
V = 1000 


100>n>7.8, 0.92>a>0, 0.78< V,<128. 


It seems likely the true values are nearer the 
left-hand limit than the right. 
SOURCES OF ERROR 


The micromanometer could be read with an 
error of not over 0.5 dyne per sq. cm; the per- 
centage error thus was large at very low voltages 
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but became about 5 percent at the highest 
voltages. 

The energy the positive ions acquired in the 
accelerating field at the mercury surface was 
known to within 2 volts. Some doubt exists, 
however, as to the number of positive ions. The 
measured current included both the positive ions 
and any secondary electron emission from the 
mercury surface. For 1000 volts applied to the 
probe, the space charge sheath thickness cal- 
culated from the Langmuir space charge equation 
upon the basis of no collisions by the positive ions 
was less than the measured value by almost 30 
percent. The tube was so constructed that the 
sheath thickness could not be measured accurately 
but it seems the error in measurement must have 
been less than 30 percent. Edge effects would 
make the average current density, used in cal- 
culating the sheath thickness, greater than the 
actual current density at the center of the pool, 
where the thickness was measured; thus the 
calculated thickness would be too low. The effect 
of collisions of positive ions within the sheath 
would tend to make the actual thickness less than 
the calculated,’ rather than greater. The secon- 
dary electron emission would have to be almost 
80 percent of the positive ion current, in order 
to bring up the calculated thickness to the 
measured. This is larger than the secondary 
emission found for Hg ions on Ni, W and Pt by 
other investigators,*-" who report values from 
less than 10 to 40 percent. From the work of 
Sonkin" it seems unlikely that any large emission 
by metastable atoms occurred. Possibly some 
photoelectric emission occurred. The force per 
ampere calculated above, being based on the 
measured current, is less than the actual force 
per ampere of positive ions, if electrons were 
emitted from the mercury surface. 

The heating effect of electrons is uncertain to 
the degree that the heat of condensation differs 
from the assumed value of 4 volts. In calculating 
the heating by positive ions, merely the product 
of measured current and voltage to space was 
used; the unknown heat of condensation of the 
positive ions was neglected. More important 





See Rev. Mod. Phys. 2, 177 (1930). 

" Oliphant, Proc. Roy. Soc. A132, 631 (1931). 

% Chaudhri, Proc. Camb. Phil. Soc. 28, 349 (1932). 
4% Sonkin, Phys. Rev. 43, 788 (1933). 


considerations, and effective in the opposite 
direction, are the heat carried away by the 
sputtered atoms and the inclusion of any 
secondary electrons as heating current. The 
actual heating must be considerably less than 
the measured iV used, so the correction sub- 
tracted from the observed positive ion forces is 
too large. 

Some of the pressure attributed to the effect 
of heating when electrons are attracted to the 
pool might conceivably be due to sputtering by 
the electrons. The energy contributed by an 
electron is more likely to be generally distributed, 
so no local high temperature occurs, than the 
energy would be for a positive ion. Furthermore, 
the kinetic energy of the electrons was less than 
5.2 equivalent volts. Experiments of Bariess'* 
showed no electron sputtering for 800 volt eiec- 
trons; though his data are incomplete, from 
approximate calculations it seems that the sput- 
tering in his case must have been less than 10~* 
atom per 800 volt electron. Other experiments” 
record a disintegration of a sputtered deposit by 
electrons only for energies greater than 2000 
volts. General heating of the mercury seems to 
be the only possible effect when electrons strike 
the surface. 

Calculations show that any direct change in 
surface tension through the presence of an elec- 
tric field or the change in temperature of the 
mercury surface caused an entirely negligible 
deflection of the micromanometer. The effect of 
a change in the angle of contact between the 
mercury pool and the glass tube P, due to the 
above factors, is not so easy to estimate, but it 
also appears to have been inconsiderable. 

Changing the arc current by 2 amp., or apply- 
ing a large negative voltage to the mercury in 
the overflow reservoir surrounding P, caused no 
deflection when the test pool was insulated ; thus 
any effect of change in current distribution in the 
tube when electrons or positive ions were col- 
lected by P must have been negligible. 

The electron pressure to which Tonks” has 
called attention, is negligible ; when the mercury 
surface was changed from insulated to 1000 volts 
negative, the electrons reflected from the surface, 


“ Bariess, Zeits. f. Physik 68, 585 (1931). 
* Johnson and Harris, Phys. Rev. 45, 630 (1934) 
16 Tonks, Phys. Rev. 46, 278 (1934). : 
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and the electron pressure, changed by about 1 
part in 400; when the mercury was changed from 
insulated to a few volts negative to space, so a 
large electron current was collected, the electron 
pressure decreased by less than a factor of 2. 
Since the total electron pressure, which was cal- 
culated from the measured temperature and 
density of electrons, was just below the limit of 
sensitivity of the micromanometer, consequently 
its effect could never be detected. 

When tlre pooi was insulated, it was actually 
about 5 to 15 volts negative with respect to 
space; thus, when a larger negative voltage was 
applied, the positive ion current remaining about 
constant, the change in pressure, which was the 
quantity measured, was smaller than the actual 
pressure which would be produced by ions of the 
applied voltage. The difference became consider- 
able only for low negative voltages; as for these 
voltages, the uncertainties in the measurements 
were so large, a correction cannot be obtained. 

Finally, if the sputtered atoms, before reaching 
the tube walls or before being scattered, com- 
municated their momentum to other mercury 
atoms directly above the mercury pool, then the 
pressure of mercury vapor on the pool was 
reduced. Thus, the measured change in force 
actually was less than that corresponding to the 
reaction of the sputtered atoms. 
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Of all the factors mentioned above, a pre- 
ponderance indicates the actual force on the 
mercury surface was greater than that given by 
curve d in Fig. 4. The approximate linearity of 
the relation between F/i and V shows that if the 
number of sputtered atoms is proportional to the 
energy of the positive ions, as many experiments 
indicate, the energy of the sputtered atoms must 
be constant. The data are not accurate enough 
to decide whether a minimum voltage exists 
below which sputtering does not occur. From 
Fig. 4, such a minimum must be less than 75 
volts, as curve d is certainly too low. Conse- 
quently, direct application of these results to the 
cathode of an arc is not possible. As sputtering 
of tungsten has been found for 25 volt A ions,'’ 
it seems quite possible that mercury ions cause 
sputtering of the mercury cathode of a mercury 
arc with a 10 volt cathode fall. If the data re- 
ported herein can be extrapolated so far, then 
it appears an accommodation coefficient cer- 
tainly less than 0.9 must be used in energy and 
momentum balance calculations for the mercury 
arc. 

The writer is indebted to his associates in the 
Westinghouse Research Laboratories for advice 
about the choice of materials and the perform- 
ance of the experiments. 

‘7 Holst, Physica 4, 68 (1924). 
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LETTERS TO THE EDITOR 


Prompt publication of brief reports of important 
discoveries tn physics may be secured by addressing 
them to this department. Closing dates for this 
department are, for the first issue of the month, the 


On the Nuclear Radius 


According to Eastman's' interpretation of Heisenberg's 
equation, we have r’ =roM*, where r’ is the nuclear radius, 
fo a proportionality constant, and M the isotopic weight. 
In this connection, it was considered interesting to plot 
in Fig. 1 the nuclear radius r’ against A!, where A is the 
chemical atomic weight of the product nucleus, chosen 
because it gives a convenient average of isotopic weights 
and relative abundance of isotopes. The nuclear radii for 
elements of light weight were calculated from Pollard’s* 
barrier heights according to r'=2Z*e*/U, where U is the 
barrier height, and Z* the atomic number less two. These 
values are in good agreement with those suggested by 
Riezler.* The barrier heights observed by Duncanson and 
Miller* and those to be had from Klarmann’s‘ results were 
not included in Fig. 1, since it was felt that with other 
workers, disagreeing as to the shape of the potential 
barrier curve, the results would not be consistent with those 
obtained by Pollard. In fact, in calculating U for C and Al, 
Pollard used a somewhat different method, and it is seen 
that r’ for these elements falls somewhat off the curve. 
The radii for the heavier radioactive elements were com- 
puted from Gamow's equation® 


\=(h/4mr”) exp (—4x[2m }Y/h) S-7*(2Z%e2/r —E) dr, 


where r* =2Z*e?/E, \ is the decay constant, m the mass 
of the alpha-particle, E the energy of the alpha-particle. 
The radius, r’, is here defined as the lower limit of the 
integral. For the purposes of this calculation the integral 
was graphically evaluated thus avoiding the errors found 
in the approximation. From Fig. 1, it will be noted that r’ 
is linearly dependent on A}, and not proportional as given 
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twentieth of the preceding month; for the second 
issue, the fifth of the month. The Board of Editors 
does not hold itself responsible for the opinions ex- 
pressed by the correspondents. 


by the theory above, not only for the light, but also for 
the heavy nuclei. Also, although the slope of the lines 
for the light and heavy elements may be taken as parallel, 
they do not form a continuous curve. When r’ is plotted 
against the first power of A, a smooth curve, not a straight 
line, is obtained for the light elements. When r’ is plotted 
against the atomic number, a random distribution of 
radioactive nuclei is obtained, which must be analyzed 
into distinct family components for a semblance of order. 
Thus it is seen empirically that the best results are ob- 
tained by plotting r’ against A!. Analysis of the figures in 
Table I leads one to note that roughly, with the exception 
of RaAc, those elements furthest off the curve give off 
complex radiation. In these cases of complex radiation, 
only the strongest group was used in the calculations. 
The elements, Pa, Ac C’, Th, and Th C’ were omitted 
because of discrepancies in the observed values of the 
decay constant. 








Taste I.’ 

Parent nucleus r’ Parent nucleus r’ 
Li 0.10 x 10°" Ra C 1.03 x 10°" 
Be .18 Ra C’ 0.95 
B 26 Ra F SA 
c 32 Ra Ac 92 
N 34 Ac X 95 
F 43 An 91 
Al 51 Ac A 94 
Ui 1.07 Ac C .78 
Us 1.08 Ra Th 99 
lo 1 os Th x 97 
Ra .98 Ta 97 
Rn 98 ThA 95 
Ra A 90 Tac 77 








ArtuHuR K. SoLoMon 
Harvard University, 
Cambridge, Massachusetts, 
November 20, 1934. 
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* Gamow, Constitution of Atomic Nuclei and Radioactivity, p. 49 
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The Origin of the Hardening of Cosmic Rays in Passing 
Through Matter 


Let N, be the rate of production of cosmic-ray showers 
of any given type per cc per unit solid angle at some 
assigned angle @ to the vertical. In a recent communica- 
tion,’ the writer has developed the consequences of the 
assumption that N, increases with the energy E of the 
primary rays more rapidly than would be represented by a 
linear law. For purposes of mathematical illustration the 


form 
N,=a,E+a,E*+ --- etc. (1) 


was assumed. It was supposed that the a's were functions 
of the atomic number of the medium and that for air, only 
a, was of importance. The fact that dE/dx is proportional 
to N, leads to an exponential law for the decrease of 
energy in passing through the atmosphere, and so to an 
exponential law for the corresponding intensity of shower 
production. Moreover, the assumption that for high atomic 
numbers the terms of importance in (1) involve higher 
powers of EZ than the first lead to the conclusion that the 
rate of shower production in lead, for example, should 
increase with altitude more rapidly than the measured 
cosmic-ray intensity, a fact in harmony with the observa- 
tions of T. H. Johnson,” B. Rossi and S. de Benedetti’ and 
J. C. Street* on small showers, and with those of C. G. 
and D. D. Montgomery,* and of R. D. Bennett, G. S. 
Brown and H. A. Rahmel* on showers of larger sizes, or 
Hoffmann Stésse as they are called. 

All of this is for the case where the primary cosmic rays 
are of a uniform energy before entering the atmosphere, 
and where the measured cosmic-ray intensity is that pro- 
duced by the showers initiated by the primaries whose 
directions of motion these showers perpetuate. It is the 
object of the present note to show that if we generalize 
the foregoing ideas to the case where even for air, the non- 
linear terms in (1) play a part, we obtain a type of variation 
of measured cosmic-ray intensity with altitude which 
departs from the first approximation of an exponential 
form in a manner in harmony with experiment. 

Thus, if in general we write, for air, 


N,=f(E) (2) 
and if, in line with the assumptions of the former paper 


we assume that the energy is lost entirely by shower 
production, we have 

dE/dx = —BN,= —8f(E), (3) 
where dx is an element of length of path of the primaries. 
Hence, —(1/N,)(dN,/dx) = —(dE*/dx*)/(dE/dx). 


@E/dx* = —Bf'(E)dE/dx, 
—(1/N,)(dN,/dx) =8f'(E). (4) 


Since 


Now the left-hand side of (4) is the apparent coefficient 
of absorption » which would be measured by an observer 
for any point if the observer assumed an exponential form 
N,=N.e™, and obtained » by measuring the infini- 
tesimal percentage change in N, for a corresponding 
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infinitesimal change in dx. We see that this apparent xu 
increases with £ if f(£) increases more rapidly with E 
than would be given by a linear law; for, in that case, 
f'(E) will increase with F. 

Hence, we see that the assumption of a single energy 
for the rays entering the atmosphere leads, on the fore- 
going views, to a decrease of intensity with depth below the 
top of the homogeneous atmosphere of such a nature that 
the apparent absorption coefficient « decreases as we 
approach the earth, since E decreases with depth below the 
top of the atmosphere. This conclusion is in harmony with 
the apparent hardening of the rays as they pass through 
the atmosphere. 

In the case where the medium is of high atomic number, 
and where, consequently, the nonlinear terms of (1) are 
more important than for air, the hardening should be more 
pronounced than for air. Thus, writing (4) in the form 
u=8f'(E) and using (2), we have 


(1/u)(du/dN,) =f" (E)/Lf’(E) F. 


Taking a case where f(E) =a,E", 


(1/u)(du/dN,) =a,n(n—1)E**a,2n°*k** 
=([n(n—1)/n* Va, E"*=n(n—1)/n*N,. 


Thus if 5«, is the percentage change in » corresponding to 
the perceftage change dey in N, 


be,/den =n(n—1)/n?. 


Thus, if we measure the intensity of the showers emerging 
from a cylinder of lead for different thicknesses of the lead, 
the percentage change in uw per unit change of shower 
intensity caused by change in thickness should increase 
with m from the value zero for n=unity to a maximum 
determined by m=infinity. In other words, the hardening 
of the rays as understood in the more exact sense exem- 
plified above, should be greater in the case of lead than in 
that of an element of lower atomic number. 

The whole of the foregoing discussion has been made in 
terms of a radiation having a definite and unique energy 
before entering the atmosphere; and its purpose is to show 
the extert to which the phenomena considered may be 
accounted for on the basis of such a simple hypothesis. 
The consequences here developed are, however, applicable 
in the case of a nonhomogeneous primary radiation, and 
the most natural conclusion would be to suppose that such 
nonhomogeneity was necessary, at any rate for the charged 
corpuscular part of the radiation, in order to account for 
latitude and directional phenomena. However, this is a 
matter which it is not my purpose to discuss here. 

W. F. G. SWANN 

Bartol Research Foundation, 

Swarthmore, Pennsylvania, 
January 7, 1935. 

1W. F. G. Swann, Phys. Rev. 46, 828 (1934). 

?T. H. Johnson, Phys. Rev. 45, 569 (1934). 

+ B. Rossi and S. de Benedetti, Ricerca Scient. 5, 1 (1934). 

‘J. C. Street, as yet unpublished. 

§C. G. and D. D. Montgomery, in a paper presented at the Pitts- 


burgh meeting of the American Physical Society, December 27-29, 
1934. 

*R. D. Bennett, G. S. Brown and H. A. Rahmel, in a paper presented 
at the Pittsburgh meeting of the American Physical Society, December 
27-29, 1934. 
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The Principal Limit of the Transmission of Solar Radiation 
by the Earth’s Atmosphere in the Far Infrared 


The absorption of solar energy by the Earth's atmos- 
phere has been examined from 34 to 214 by means of a 
spectroheliometer with intermediate resolving power. 

Very minute atmospheric windows on the long wave 
side of 13.54 admit a negligible amount of energy. The 
principal infrared cut-off of the terrestrial atmosphere 
occurs at this point and is due to the lowest frequency 
fundamental (»,) of the carbon dioxide molecule. To the 
long wave side of »,(CO,) the cut-off is occasioned prin- 
cipally by the pure rotation spectrum of the water molecule. 

Numerous absorption bands due to CO,, O; and H,O 
were observed throughout the spectral limits recorded 
above. The spectrum is now being analyzed with high 
resolving power. 

Complete details of the investigation will be reported 
in a forthcoming issue of this journal. 

ARTHUR ADEL 
\V. M. SLIPHER 
University of Michigan, 
Ann Arbor, Michigan: 
Lowell Observatory, 
Flagstaff, Arizona, 
January 4, 1935. 


On the Band Spectrum of Sulfur 


In a recent letter, R. M. Badger,’ using the wavelength 
of the lines given by Naudé and Christy,’ derives a new 
analysis of the S, bands, which gives an internuclear 
distance for the lower state, agreeing with an empirical 
relation previously found by him. He has found also that 
the upper rotational levels of v’=8* are perturbed and 
that in the lower state of this system the even rotational 
states are present, instead of the odd levels as found by 
Naudé and Christy, and as is also the case in the 9, bands 

It should be pointed out that the overlapping of the S 
bands makes an analysis of this system almost impossible, 
if one uses the combination principle as the only criterion. 
More than one combination was found in the process of 
the analysis given in reference 2. However, when other 
criteria were applied, such as the intensity of the lines 
within the branches, splitting of the lines of each branch 
into triplets at high values of K, etc., all the combinations 
were rejected as fortuitous except the one given in that 
paper. 

It is difficult to determine, from the vibrational analysis 
of these bands,*: * which of the vibrational levels are per 
turbed. However, we do know that predissociation occurs 
at v’ =11. Naudé and Christy? have found that the rota- 
tional levels of v’=8, 9 and the lower levels of 10 are 
normal, while the higher levels of v’=10 are perturbed 
Badger has found that the higher levels of v’=8 are per 
turbed, while all the others are normal. It is difficult to 
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understand the presence of perturbation in the higher 
rotational levels of v’=8 and the absence of perturbation 
in the rotational levels of v’ =9 and 10. Perturbations in 
v’=8 may be due either to the electronic state causing 
predissociation or to another similar state, but in either 
case we should have perturbations also in v'=10, espe- 
cially since these rotational levels have been investigated 
to within approximately 100 cm~ of the v’ = 11 vibrational 
level. 

The number of branches, the intensity relation of the 
lines, and the splitting of the lines in the branches, clearly 
indicate that these bands are due to a *2 —*= transition. 
If Badger’s analysis is correct, the lower * state having 
only even rotational levels must be either *S,~ or *2,*. 
These two states cannot be derived from two normal 5S 
atoms. Therefore, since the products of dissociation are 
not known, the fact that only even rotational levels are 
present does not mean necessarily that the S atom is anti- 
symmetric in the nuclei. 

ANDREW CHRISTY 

G-M Laboratories, Inc., 

Chicago, Illinois, 
January 15, 1935. 


R. M. Badger, Phys. Rev. 46, 1025 (1934) 

S. M. Naudé and A. Christy, Phys. Rev. 37, 490 (1931). 

The » numbering used here is that given by Fowler and Vaidya, 
Proc. Roy. Soc. Al32, 310 (1931), and is one unit greater than that 
given in references 2 and 4. 

‘A. Christy and S. M. Naudé, Phys. Rev. 37, 1903 (1931). 


Isotopes in Induced Radioactivity 


It is interesting to note that the final stable products of 
the nuclear transformations resulting from alpha-ray bom 
bardment in the cases so far reported, namely, .4Si®, ¢C”, 
isAl’, 12Mg™, xCa*, sO”, are all the isotopes of rarest 
occurrence as shown in mass spectrum data. 


28 94% — 24 77.4% 
Si20 4% «©6012 TR AL27S)— Mg 25 11.5% 
30 29, 5 2 26 11.1% 
Ca © 98.6% 8) 7 99-036 
“ 1% 18 =. 16% 


In those nuclear transformations resulting from neutron 
bombardment reported by Fermi, the resulting stable 
atoms such as sO", :2>Mg™, 16S, oCr®*, oeFe™, are the most 
frequently occurring isotopes. 


16 99.81% 24 774% —3296% ¢,50 49% p54 5% 

O17 03% Mg25 115% $33 1% 52 81.6%, © 56 95°, 
18 .16% 26 11.1% 34 3% 53 10.4% 
54 3.1% 


These observations would seem to indicate that the 
transformations occurring in nature are, therefore, much 
more frequently of the neutron type. 

T. R. WILKINS 
L. S. SHNIDMAN 
University of Rochester, 
January 14, 1935. 
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The Raman Effect of Water Vapor 


The Raman effect of water vapor has been observed 
with a Hilger El spectrograph by using Hg 2536 for 
excitation. The water was sealed in a quartz tube drawn 
into a horn at one end, and was illuminated by a water- 
cooled mercury arc. The tube with the water vapor was 
maintained at a temperature of approximately 135°C. 

There was found but one Raman band shifted at its 
center 3654.5 cm™ from the exciting line and extending 
for about 5 cm™ on both sides of the center. It is not a 
sharp line for two much more intense and resolved mercury 
lines occupy only about the same distance on the micro- 
photometer curve. Indeed, the limit of accuracy of the 
measurement is well within the half width of the line. 
Further than this there is no indication that the line is 
double, as was reported by Rank, Larsen and Bordner.' 

As is well known the shift of the Raman line for ordinary 
water vapor is about 50 cm™ greater than the correspond- 
ing fundamental frequency, while for heavy water vapor 
apparently the Raman line is close to the expected position 
of the fundamental.* 

In an attempt to find an explanation for this dis- 
crepancy based on the location of the maximum of the 


THE EDITOR 

vibration-rotation band, this band was worked out using 
the intensity factors for a symmetrical top’ and using the 
positions derived from Mecke's* analysis of the infrared 
spectrum. The results indicate a strong group of lines 
corresponding to the Q-branch. Although the heavy water 
shows the greater relative intensity in this Q-branch the 
difference is not enough to account for its absence in 
ordinary water. The suggestion of Rank, Larsen, and 
Bordner' that the observed line consists of two members of 
the vibration-rotation band neglects the necessary presence 
of the rest of this band and appears to make use of lines 
forbidden by the selection rules. 

A careful search was also made for a pure rotation band 
but none was found. 

I wish to express my gratitude to Dr. W. V. Houston 
who has continually offered his aid and advice in carrying 
this problem out. 

Davip BENDER 

California Institute of Technology, 

December 24, 1934. 


! Rank, Larsen and Bordner, J. Chem. Phys. 2, 464 (1934) 
?L. G. Bonner, Phys. Rev. 46, 458 (1934). 

* Placzek and Teller, Zeits. f. Physik 81, 209 (1933). 

«R. Mecke, ef al., Zeits. f. Physik 81, 313, 445, 465 (1933 
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PHYSICAL REVIEW 


VOLUME 47 


Proceedings 
of the 
American Physical Society 


MINUTES OF THE Los ANGELES MEETING, DECEMBER 21-22, 1934 


HE 195th regular meeting of the American 
Physical Society was held in the auditorium 

of the Physics Department of the University of 
California at Los Angeles, California on Friday, 
December 21 and the morning of Saturday, 
December 22, 1934. The morning sessions ran 
from 9 to 12 and the afternoon session from 1:30 
to 4:30. Thirty-one papers were presented on the 
regular programs and seven papers were pre- 
sented on the supplementary program. About 
150 members of the society attended the meet- 
ings. The society met at luncheon at the Uni- 
versity Union on Friday noon. A_ business 
meeting was held during the Saturday morning 
session in which the society voted to hold the 


199th regular meeting of the American Physical 
Society on the Pacific Coast in affiliation with 
the Pacific Division of the American Association 
for the Advancement of Science, at the Univer- 
sity of California at Los Angeles about June 24- 
28, 1935. It was voted, to hold one of the sessions 
at the California Institute of Technology if it 
could be arranged. The question of the exact 
date of the meeting and of the possibility of 
holding some session at the California Institute 
of Technology was left to the discretion of the 
secretary with powers to act on behalf of the 
society. The abstracts of the papers follow. 

LEONARD B. Logs, 

Local Secretary for the Pacific Coast 


ABSTRACTS 


1. Chemical Identification of the Radioactive Element 
Produced from Carbon by Deuton Bombardment. L. N. 
RipENouR, D. M. Yost AND K. SHINOHARA, California 
Institute of Technology.—Because of the difference of half- 
lives of the radioactive elements produced by bombarding 
boron with alpha-particles (14 min.) and carbon with 
deutons (10.5 min.), which difference exists in spite of the 
fact that the products are presumably the same, a chemical 
investigation was undertaken to determine the nature of 
the radio-element produced in the latter case. Curie-Joliot 
and Joliot have given evidence that in the former case N™ 
results; the outcome of the present experiment indicates 
that the active element produced by bombarding carbon 
with deutons is also an isotope of nitrogen. 


2. Gamma-Rays from Boron Bombarded with Deutons. 
H. R, Crane, L. A. Detsasso, W. A. Fow.Ler anp C. C. 
LAURITSEN, California Institute of Technology.—The 
energy spectrum of recoil electrons produced by the 
gamma-rays from boron bombarded with deutons has been 
studied by means of a Wilson cloud chamber operating in a 
magnetic field of 1000 gauss. The gamma-radiation was 
found to consist of components of at least five different 
energies, and these are in good agreement with the differ- 
ences in energy of the proton groups, and with the known 
excitation levels in some of the nuclei which result from the 
transmutation. 


3. The Disintegration of Nitrogen by Neutrons. F RANz 
N. D. Kurre (National Research Fellow), University of 
California.—Measurements made on 29 Wilson cloud 


chamber photographs of the disintegration of nitrogen by 
neutrons are presented and discussed. It is shown that the 
loss in kinetic energy can be satisfactorily accounted for by 
postulating the momentary production of a radioactive 
nitrogen (N") by a radiative capture of the neutron. This 
nitrogen disintegrates with the emission of a-particles so 
that the half-life is on the Gamow theory around 10~* sec. 
A distinction is thus made between nuclear transformations 
in which the energy absorbed is a constant (such as in the 
case of the disintegration of nitrogen by a-particles) and 
those in which the proper disintegration energy E is a 
constant. Disintegrations caused by neutrons are, as far as 
the data from cloud chamber measurements go, all of this 
latter type. For nitrogen E is found to be 3.1 mv. The 
scatter of the values of E is probably all due to be at- 
tributed to experimental error but may in part be due to 
the short life of the radioactive N"*. The energy level from 
which the a-particle leaves the N“ nucleus is roughly 
identified with the resonance level through which an 
a-particle may enter a B" nucleus in the reverse reaction. 
A mass for the radioactive N“ of 15.0166 is proposed on the 
basis of the mechanism here discussed. The data of other 
workers on the transmutation of oxygen, fluorine and neon 
are reviewed in the light of these considerations and lend 
support to them. The values found for E are nearly the 
same for all of the four elements for which data exist. 


4. The Energy of the Neutrons Emitted from Beryllium 
when Bombarded by Deutons. J. R. RICHARDSON AND 
FRANZ N. D. Kurte (National Research Fellow), University 
of California.—The energy of the neutrons emitted from 
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beryllium when bombarded by deutons was studied by 
measuring the ranges and angles of projection of helium 
recoil atoms in a cloud chamber placed nearby. It was 
found, in a separate series of experiments, that 90 percent 
of the neutrons arrive at the chamber without having been 
scattered. Hence one can take the line drawn from the 
source to the point from which the recoil atom begins its 
flight as the neutrons’ path. The beginning and end of the 
helium recoil track not being distinguishable in general, the 
beginning was taken as that end which gives the minimum 
angle of projection. The final spectrum was corrected for 
the effect of the solid angle subtended by the chamber. 
One finds :then a spectrum extending from below 1 mv 
through a'maximum around 2 mv on up to 10 mv and 
perhaps beyond. It is difficult to set the upper limit of the 
energies because of the influence of the scattered neutrons. 
The decline in numbers between 2 mv neutrons and 10 mv 
neutrons is gradual. The maximum at 2 mv is perhaps not 
real since it was difficult to measure tracks of lengths 
smaller than those corresponding to about a 1 mv neutron 


5. Energy of the Neutrons from the Disintegration of 
Beryllium by Deutons. T. W. BonNER ( National Research 
Fellow) anp W. M. Brusaker, California Institute of 
Technology.—Beryllium has been disintegrated by 900,000 
e.v. deutons with the Lauritsen and Crane apparatus. The 
energies of the neutrons produced in this disintegration 
have been determined from the range of recoil protons ob- 
served in a Wilson cloud chamber which was filled with CH, 
at about 14 atmospheres pressure. The maximum of the 
proton ranges was found to be 28 cm which correspond to 
neutrons of maximium energy 4.5 m.e.v. 


6. Transmutations of Aluminum by Deutons. Epwin 
MCMILLAN AND Ernest O. LAWRENCE, L’niversity of 
California,—Aluminum bombarded by 2.2 mv deutons is 
found to emit neutrons, protons, and alpha-particles, pre- 
sumably accompanying the formation of Si**, Al** (radio 
aluminum), and Mg™, respectively. The alpha-particles are 
very few in number and have a range of about 6.5 cm. The 
protons have a very complex spectrum of energies. By 
using a target of thin Al foil and a Wynne-Williams counter 
biased sufficiently to resolve groups 4 cm apart, it was 
possible to identify strong proton groups at 10 and 22 cm, 
weaker ones at 30 and 54 cm, and still weaker unresolved 
groups between the latter two and extending out to the 
maximum range of 62 cm. The radioactive product, shown 
chemically to be an aluminum isotope, emits negative 
electrons and a strong gamma-ray with a half-life of 153 
sec. The maximum range of the electrons is about 0.95 
g/cm? of Al. The excitation curve of the radioactivity fol- 
lows the Gamow nuclear penetration function very closely. 


7. Transmutations of Nitrogen by Deutons. Ernest 0. 
LAWRENCE, EDwIn MCMILLAN AND MALCotM C. HENDER- 
son, University of California.—Nitrogen bombarded by 1.3 
mv deutons emits neutrons, protons and alpha-particles 
The neutrons are involved probably in the reaction in 
which radio-oxygen (O”) is formed. The protons and alpha 
particles are probably emitted in the formation of N“ and 


C!?, respectively. There are two proton groups of ranges 25 
and 85 cm, indicating a mass of 15.0049 for N™ and the fre- 
quent emission of a 4.6 mv y-ray from N™. There are three 
alpha-particle groups of ranges 6.7, 7.6 and 12.5 cm. The 
energy of the long range group agrees with that calculated 
from the mass spectrographic values for C'* and N"™, and 
the two shorter range groups suggest the existence of ex- 
cited levels in C™ at 4.0 and 4.8 mv. 


8. Photoelectric Effect and Spark Mechanism. A. M. 
CRAVATH, University of California.—To start a spark some 
additional mechanism is required in addition to the well 
known ionization by electron collision. Several mechanisms 
have been discussed but heretofore none has been shown 
to actually occur to the necessary extent under ordinary 
static breakdown conditions. The photoelectric effects 
produced by the radiation from electron currents in air at 
atmospheric pressure are being measured at low current 
densities and at fields in the breakdown range. There are 
at least two components of radiation. The first has an ab- 
sorption coefficient in air of about 2 cm and would release 
a photoelectric current 10~ times (in order of magnitude) 
the current produced by electron collision if all the radia- 
tion struck brass. The second component has an absorption 
coefficient in air of about 10 em~ and is more effective in 
ionizing air than in releasing photoelectrons from brass. 
In order of magnitude, one such photo-ion is produced for 
every 10‘ ions produced by collision when all the radiation 
is absorbed in air. Fluorite stops both components. Hence 
they fall in the oxygen transmission region centering 
around 1100A. Intensities and absorption coefficients are 
of the right order of magnitude to explain the sparking 
potential for parallel electrodes in air at one atmosphere 
for gaps from 0.01 to 10 cm. 


9. An Investigation of the Magneto-Optic Method of 
Chemical Analysis. H. G. MacPuerson, University of 
California.—An apparatus similar to that used by Allison 
in his magneto-optic method of chemical analysis was set 
up in an effort to verify the existence of the sharp Allison 
minima. Many visual observations were made, but only 
occasionally did readings of possible minima occur in more 
than random groupings. Where these apparent minima did 
occur, it was thought that they could be explained as being 
due to such factors as sticky places on the trolley felt by 
the hand on the hand wheel control. When a motor control 
was used on a later apparatus, the distribution of readings 
of possible minima was no more than a chance distribution. 
Objective tests were made of the variation of intensity of 
light with trolley position by a photographic method. In 
this photographic method the effect of spark fluctuations 
was eliminated by comparing the intensity of the light 
passing through the cells with that of a comparison beam 
direct from the spark. Individual runs by this method 
showed no minima and were good to 3 percent. When several 
runs were averaged, the resultant intensity curve showed 
no Variations greater than 1 percent. Eye tests showed that 
the writer could not have detected an intensity change 
visually of less than 3 percent on the magneto-optic appa- 
ratus. Thus these results definitely indicate that the minima 
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supposedly characteristic of chemical substances at times 
seen by the writer have no objective reality and hence no 
real significance. 


10. Ionization of Inert Gases by Positive Alkali Ions 
with a Balanced Space-Charge Method. Ropert N. 
VARNEY, University of California.—The study of ionization 
of inert gases by collisions of alkali ions reported last sum- 
mer has been extended to include krypton, xenon, helium 
and methane. The method of detecting the newly formed 
ions is designed to be entirely unaffected by secondary 
electrons liberated from the walls. The ionization is allowed 
to take place in a cylinder which is already carrying a 
space-charge limited current of electrons. The positive ions 
formed tend to neutralize the space-charge, by the process 
discovered by Kingdon, in such a manner that an additional 
surge of about 50,000 electrons flows for each positive ion 
produced in the region. A second cylinder, identical with 
the first and carrying also a space-charge limited current of 
electrons but closed to the positive ions, is used to balance 
out spurious fluctuations in the electron current. The re- 
cent results indicate the following ionization potentials for 
the various alkali ions used as ionizers: 

Kr Xe 
K* 72 115 volts 
Rb* 103 151 
No ionization was observed below 500 volts either in 
methane or in helium. The possible similarity in electron 
configuration of argon and methane led to the study of the 
latter, but the intense ionization of argon was not dupli- 


cated. 


11. Elastic Scattering of Fast Electrons in Mercury and 
Agreement with Mott’s Theory. W. E. STEPHENS, Washing- 
ton University of St. Louis.—Jordan has recently reported 
good agreement between Mott's theory and the experi- 
mentally measured angular distribution of elastically 
scattered electrons for 2000 volts in mercury in the angle 
range 0° to 42°. In view of Morse’s criterion, that the 
minimum energy for which Mott's equations are accurate 
is of the order of 50Z? (Z is the atomic number), we should 
not expect good agreement much below 320,000 volts in 
mercury. In preliminary experiments, with an apparatus 
developed to record the angular distribution of scattered 
electrons photographically, we have found a distinct 
maximum near 112° at 2000 volts in mercury. Since Mott's 
theory gives a monotone curve, we can conclude that there 
is not good agreement over the whole angular range for 
2000 volts in mercury. In the apparatus used, a beam of 
fast electrons was shot through a molecular beam of 
mercury. A retarding potential was used to stop the in- 
elastically scattered electrons and an accelerating potential 
served to increase the blackening effect of the elastically 
scattered electrons at the film. 


12. An Automatic High Pressure Wilson Cloud Chamber. 
W. M. BruBakerR AND T. W. Bonner (National Research 
Fellow), California Institute of Technology.—aA high pres- 
sure Wilson Cloud Chamber of new design has been built 
for the study of recoil protons from neutrons. The apparatus 
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is entirely automatic in operation. It can be used at any 
pressure under 20 atmospheres. Illumination for photo- 
graphing the proton tracks is obtained from a 2000-watt 
photo-flood lamp. 


13. Polarization Effects in the Hilger El Quartz 
Spectrograph. Josern W. E.tis AND JosErH KAPLAN, 
University of California at Los Angeles.—Serious limitations 
are encountered in the use of the Hilger E1 spectrograph 
whenever the light is polarized or partly polarized. If the 
light is plane polarized in any plane except the vertical or 
horizontal! the visible spectrum shows closely spaced stria- 
tions whose visibility and number reach maxima when the 
plane of polarization makes a 45° angle to the vertical. At 
this angle there occur four positions of zero visibility. 
These striations are produced in the following way. The 
small crystalline quartz reflecting prism near the slit acts 
as a 300th-to-500th wave-plate. The quartz collimating 
lens rotates the planes of polarization to such angles that 
the waves acted upon in half-wave plate fashion and whole- 
wave plate fashion are parallel to or at right angles to the 
plane of incidence of the dispersing prism. Maxima and 
minima of intensity result and these interchange as posi- 
tions of zero visibility are passed corresponding to polariza- 
tions at 45° angles to the plane of incidence. If the original 
light is polarized in a vertical or a horizontal plane, then 
the reflecting prism has no wave plate action, no striations 
appear and broad minima and maxima of intensity occur 
with the spacings of the former visibility minima. 


14. New Band Systems in Nitrogen. JoseruH KarLan, 
University of California at Los Angeles.—Spectra, taken on 
a Hilger E31 quartz spectrograph at pressures varying con- 
tinuously from about 10 mm to lower values, are shown. In 
these photographs, the new Appleyard-van der Ziel system 
and the two new ultraviolet systems discovered by the 
author become stronger as the pressure lessens. The Lyman- 
Birge-Hopfield bands however, which are very strong at 
high pressures, become weaker and finally almost disappear 
at the lowest pressure at which a discharge is still possible. 
The first-negative bands of N,*, which are very strong in 
the tube at high pressures, also gradually become weaker as 
the pressure goes down. This is one reason for believing that 
the three band systems are emitted by the neutral nitrogen 
molecule. The fact that all three systems become stronger 
as the pressure is lowered indicates that they have similar 
origins. In fact, all three systems have the same lower 
electronic level, and two of the three systems originate on 
two levels of the set discovered in absorption by Hopfield 
and shown by him to fit a Rydberg series formula. Many 
other new bands are present on the spectrograms and some 
of them have been tentatively grouped together. A slide is 
shown in which the recent changes in our knowledge of the 
spectrum of the nitrogen molecule are summarized. 


15. The Optical Properties of Magnesium Oxide. R. T. 
BRICE AND JOHN STRONG, California Institute of Technology. 
-The index of refraction of MgO has been measured for a 
number of wavelengths in the visible and ultraviolet, 
Ve=1.733, Nr=1.747. The dispersion is 55.3;,the trans- 
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mission limit in the ultraviolet is about 2200. The substance 
is found reasonably suitable for use with quartz and fluorite 
to form an achromatic triplet for the ultraviolet. Windows 
have been made of MgO for use in high-temperature fur- 
naces and tested with lithium, sodium, potassium and cal- 
cium and found to withstand etching by these metals better 
than windows of other materials. MgO crystals may be ob- 
tained commercially up to about three centimeters square 
by one centimeter thick. It is possible that larger ones may 
be obtained if suitable care is taken to form them. 


16. Fine Structure and Hyperfine Structure of Doubly 
Ionized Beryllium. S. S. BALLARD, O. E. ANDERSON AND 
H. E. Wurre, University of California.—The spectrum of 
doubly ionized beryllium is being investigated for the 
purpose of determining the fine structure as well as the 
hyperfine structure of the *P terms. The fine structure inter- 
vals in 1s2p, *P as calculated theoretically by Heisenberg 
and others should not follow the Lande interval rule. With 
the small atomic number 4 and mass number 9 one would 
predict a nuclear spin of J=4 for the beryllium nucleus, 
and attribute it to a single unbalanced neutron. Since the 
magnetic moment of the neutron appears from other ex- 
periments to be quite small, relatively narrow hyperfine 
structure is to be expected even in the most favorable terms 
and spectrum lines of beryllium. The ionized spectrum has 
been excited by a direct current vacuum spark with 60,000 
volts and a capacity of 0.3 mfd. The lines arising from the 
transition 1s2s, *S:—1s2p, *Po.,2 are observed at 3720. 
Two lines of the triplet, *S:—*P, and *S:—*Po, are observed 
to fall practically together as predicted, and the hyperfine 
structure, although not resolved, is found to be quite 
narrow. 


17. The Nuclear Magnetic Moment of Cobalt. KENNETH 
R. More, University of California.—A study of the hyper- 
fine structure patterns in the Co I spectrum has led to a 
value of 7/2 for I (K. R. More, Phys. Rev. 46, 470 (1934)). 
This study has been extended to include a determination 
of the nuclear magnetic moment. The absolute hfs. split- 
tings of the 3d’4s4p *D terms are found from the splittings 
of the lines of the 3d*4s *P—3d'4s4p ‘D multiplet. The 
relative splittings of the ‘D levels are not in good agreement 
with those predicted by the Bacher-Goudsmit equations on 
the assumption that all the splitting is due to the coupling 
of the moment of the 4s electron with the nuclear moment. 
Better agreement is obtained by including the interaction 
of the orbital moment of the d electrons with the nuclear 
moment. With the assumption that part of the interaction 
is due to the 3d electrons, the coupling constant a’ of the 4s 
electron is found to be 0.13 cm™. The nuclear g-factor is 
found, on the substitution of this value of a’ in the equa- 
tions given by Goudsmit (Phys. Rev. 43, 636 (1933)), to be 
0.77. This leads to a value of 2.7 nuclear magnetons for the 
nuclear magnetic moment of cobalt. 


18. The Transfer of Translational and Vibrational En- 
ergy in Oxygen as Influenced by Small Impurities of 
Water or Ammonia Vapor. VERN O. KNUDSEN AND 
LEONARD OsERT, University of California at Los Angeles.— 
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Previous experiments in this laboratory, based on rever- 
beration measurements, have shown that at audible fre- 
quencies the absorption of sound in O, is greatly increased 
by the addition of small impurities of such gases as H,O 
and NH;. The present work, based on intensity measure- 
ments, extends these experiments to frequencies as high as 
40,000 cycles. Kneser has shown that the results at audible 


frequencies are in good agreement with the recent theory 


of sound dispersion and absorption, provided the rate of 
adjustment of thé vibrational energy of the O, molecule is 
strongly influenced by the presence of small amounts of 
other gases. Conversely, absorption measurements become 
useful for investigating energy transitions in molecular col- 
lisions. For example, it is found that the reaction rate kio 
(number of transitions from the excited to the normal state 
per molecule per second) for O; is almost a linear function 
of the concentration of small impurities of NH;, but is 
largely a quadratic function of the concentration of small 
impurities of H,O. Although the results are in good agree- 
ment with Kneser’s formula at frequencies below 20,000 
cycles, the observed absorption at higher frequencies is in 
excess of the value given by this formula. 


19. Experimental Features of the Spectrum of Samarium. 
ARTHUR S. KinG, Mount Wilson Observatory.—The spec- 
trum of samarium is of interest as material for term analy- 
sis, this element being near the middle of the rare-earth 
group, the end numbers of which have received most at- 
tention from analysts. In the present work, about 4500 
lines from 2900 to \8700 have been given temperature 
classification. Over 400 of these fall in classes I and II, 
arising from low atomic levels. Many neutral lines not 
previously measured appear in the furnace spectrum. The 
lines of Sa II, which are of astrophysical interest, are se- 
lected by a comparison of furnace, arc and spark spectra. 
Since many of these singly-ionized lines appear in the fur- 
nace, the classification indicates their relative atomic 
levels in Sa II. The spark spectrum shows also some lines 
of Sa III in the region examined. Hyperfine structure ap- 
pears in many samarium lines, especially those of Sa II, 
and is most frequent in the red and infrared. Those which 
are resolved are doublets, with the violet component 
stronger, and various degrees of separation up to 0.43 cm™. 
The nuclear mechanical moment indicated is therefore 
(1/2)-(h/2x); though an examination of samarium lines 
under high resolution is needed for the close patterns and 
to test for a possible influence of the known isotopes. 


20. Spectrum of Aluminum Vapor Emitted by a Tungsten 
Coil in Vacuum. Jon STRONG AND E. Gavioia, California 
Institute of Technology.—lf a tungsten coil charged with 
aluminum is brought to incandescence in a vacuum of the 
order of 10-* mm Hg, it evaporates a cloud of metal, which 
has been observed to emit a bluish-green light. The po- 
tential drop across the coil ranges from 10 to 40 volts. The 
emitted light has been photographed with a glass and with 
a quartz spectrograph and found to be mainly a line spec- 
trum containing Al I, Al II and W lines. The following 
lines have been identified so far: 
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All AL II Ww 

3962 2373 3901 2631 4867 3376 

2372 3587 2369 4843 3077 
3093 2367 3446 2321 4660 3024 
3082 2269 3444 4365 
2660 2263 3057 4302 
2652 2258 3050 4295 
2575 2210 2816 4103 
2568 2204 2669 4074 
2378 4009 


The excitation seems to be produced by collisions with the 
electrons emitted by the incandescent filament and ac- 
celerated by the potential gradient between one end of it 
and the walls of the container. The intensity ratio of the 
lines is not the same as in the usual metal arc. Further- 
more while the lines starting in the higher levels of Al are 
diffuse in the arc, they are notably sharp in the vacuum 
source. Displacements of some vacuum lines are indicated 
by the spectra. The presence of the W lines shows that 
part of the coil dissolves in the melting Al and is carried 
away while it evaporates. 


21. The Spectrum of AsO. F. A. JENKINS AND L. A. 
Srrait, University of California.—The band spectrum of 
AsO has been photographed in the second order of a 21- 
foot grating, by using as a source a high-frequency dis- 
charge through AsO; vapor and helium in a sealed-off 
quartz tube. Two systems of double-double headed bands 
are observed, for which the Q heads are represented by the 
following equations: 


System A: »= 130,631.1 F083-8(0'+ }) —9.42(0 +4)" 
—966.6(0'’ + 4) +4.92(0"" +4)? 

_ _ (40,410.5 Re ™ 

System B: r= | 39. 386.8 90-0 +4)+4.92(v +4)*. 


The analysis of system A disagrees with that recently 
given by Shawhan and Morgan, and requires that the 
common final state be an electronic doublet, there being 
no doubling in the initial state of either system. An analo- 
gous situation exists for PO, in which the longer wavelength 
system (Geuter’s A) shows a doubling of 226 cm™, agreeing 
with that of Geuter’s B system, according to unpublished 
work by one of us. The fact that we observe only the 
v’ =0 progression in system B of AsO, and that the doublet 
components are very different in intensity, the high-fre- 
quency component being less intense, indicates predissocia- 
tion in the upper state of this system. Bands with vo’ >0 
have been observed under lower dispersion with other 
modes of excitation by de Watteville and by Shawhan and 
Morgan. Accepting the values w,’= 1098, x,'w,’=6 given 
by the latter authors, the electronic terms of the upper 
state become 39,862.0 and 38,838.3 cm™, 


22. An f.l. Quartz Spectrograph. SINCLAIR SMITH, 
Mount Wilson Solar Observatory.—The novel feature of 
this spectrograph is a Schmidt camera consisting of a 
quartz correcting plate and four inch radius of curvature 
aluminized mirror. Having a two-inch aperture and a two- 
inch focal length the instrument is obviously very fast. 
An aluminized off-axis parabolic mirror is used for a 
collimator and the dispersion is produced by a Cornu 


quartz prism. Although the field is not flat, the instrument 
gives excellent definition from below \3000 to about 44500. 


23. Intensities of X-Ray Reflection from Bi Crystals 
Between 25° and 530° Abs. R. B. Jacops Anp A. Goetz, 
California Institute of Technology.—The integrated in- 
tensities of Mo Ka-radiation from (111) of highly purified 
Bi crystals have been measured between the boiling point 
of hydrogen and the melting point of Bi for the 2nd, 3rd and 
Sth order. It was found that: (1) Between 25° and 480° 
abs the integrated intensities follow the Debye-Waller 
function: J/Io=e~*T *** with better precision than was 
found by previous authors on cubic crystals (NaCl, Al 
etc.) for higher temperatures and within smaller ranges of 
total energy variation, as far as [/Io=f(7) is concerned. 
This proves the validity of the above law in the 7*-region. 
(2) The comparison of the intensities among the different 
orders proves a good agreement for //J>o=/(@), although 
the original theory does not include the hemihedral hexago- 
nal system to which Bi belongs. (3) For the last 40° before 
fusion a definite deviation from the law takes place, as 
d(I/Io)/dT (<0) begins to decrease and to reach even 
positive values, indicating a rearrangement in the sense of a 
larger degree of geometrical order within the crystal before 
fusion. 


24. The Phenomenon of Supercooling. ALEXANDER 
Goetz, California Institute of Technology.—The phenom- 
enon of super-cooling in metals is interpreted as group- 
phenomenon (A. Goetz, Zeits. f. Krist. A89, 310 (1934); 
Proc. Roy. Soc. Intern. Conference of Phys. 1934) as due to 
the fact that the transition into the rigid crystalline state 
has to be anteceded by a paracrystalline mesophase. It can 
thus be concluded that supercooling is the more likely the 
more the lattice of the crystal differs from a statistical 
(close packed) configuration and the more groups of para- 
crystalline qualities have been destroyed in the melt. 
Experiments prove that for metals with irregular lattices 
like Ga and Bi the supercooling can be induced over large 
ranges of temperature by superheating the melt or by sur- 
face forces acting upon sufficiently thin metallic layers. 
The beginning of the mesophase is determined for Bi and 
Ga to 10-12° above the melting point and the size of a 
group estimated to 10~* cm 


25. A Precision Magnetic Field Standard. Frank G. 
DuNNINGTON, National Research Fellow, California Insti- 
tute of Technology.—The determination of ¢/m being made 
by a new deflection method (Phys. Rev. 43, 404 (1933)) is 
limited in accuracy by the precision of the magnetic field. 
To reduce this uncertainty a very carefully built solenoid 
has been constructed. A heavy copper tube which is 
threaded on the outer surface has baked upon it a thin 
layer of bakelite for insulation. New threads are then cut 
in the Bakelite (over those in the copper) leaving a con- 
tinuous insulating layer about 0.004 inch thick. The copper 
wire wound in these threads was made especially for the 
purpose, commercial wire not being sufficiently round. 
The advantages of this design are: coefficients of expansion 
of wire and form are the same (not true with a marble form); 
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the Bakelite provides a firm machinable insulation which 
cannot appreciably change the coil dimensions by moisture 
absorption; and the geometry is completely observable 
since bare wire is used. An accuracy of a few parts in 100,000 
is attainable for a field of a few gauss. The method used in 
precisely comparing two magnetic fields will be described, 
including the precautions necessary in the potentiometer 
circuit and the establishment of the standard of voltage. 


26. A Null Method Photoelectric Photometer. Hiram W. 
Epwarps, University of California at Los Angeles.—Two 
photoelectric cells (RCA No. 868) are selected which have 
very nearly similar characteristics. The voltage on one cell 
is adjusted so that the anode currents through the two 
cells are identical when the cell surfaces are equally il- 
luminated. A single galvanometer links the two electrical 
circuits with the two anode currents through it in opposition 
thereby producing a zero deflection when the intensities 
of the illumination are equal. The instrument shows a high 
degree of sensitivity with a good galvanometer, is inexpen- 
sive and is very easy to operate. In an application of this 
photometer to a measurement of relative intensities of 
two light sources, it is, of course, necessary to bear in 
mind the peculiarities of the cell response to the spectral 
distribution of energy in the sources. 


27. Equations of State and Thermodynamic Functions 
for Substances with Variable Specific Heat. W. P. Boyn- 
TON, Oregon State College.—In thermodynamical discus- 
sions it is often, though not necessarily, assumed that 
specific heat at constant volume is constant. From the 
first and second laws of thermodynamics it can be shown 


that 
ee , 
ene ape th), 


where f(7) is a function of integration. This conclusion has 
been applied to a highly generalized equation, of which 
many well known equations of state are special cases, and 
expressions derived for the specific heat at constant volume, 
energy and entropy. Any equation of state may be ex- 
pected to fit experimental data only over a limited field, 
and intrinsically discontinuous changes in state must 
necessitate a change in constants, if not in the form of 
the equation. The author discusses the possibility of bring- 
ing values of energy and entropy derived from such an 
equation into conformity with the third law. 


28. Townsend Coefficients in Nitrogen. D. Q. Posin, 
University of California. Introduced by Leonard B. Loeb.— 
Carrying on the investigation of the Townsend coefficients 
for ionization by collision by electrons which had been 
completed for air by F. H. Sanders (Phys. Rev. 41, 667 
(1932); Phys. Rev. 44, 1020 (1933)) in this laboratory, 
measurements have been extended to nitrogen. The pur- 
pose of this work is to determine these coefficients in a 
molecular gas, which does not react with the electrodes, 
in order to establish the values of these coefficients and 
their behavior, with the hope of detecting an influence on 
the value of the so-called positive ion cpefficient 8 due to 
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electrode material. In view of the fact that no data exist 
at present for nitrogen at low values of X/)p, investigations 
were carried on in pure dry nitrogen using brass electrodes 
and the technique of Sanders with the results given in the 
table. 











x/p a a/p x/p a a/p 
40 1.43 0.0143 34 0.714 0.00286 
42 0.85 0085 32 50 .0020 
40 .80 .008 28 .238 000576 
a8 77 00513 26 .175 00035 
36 1.18 .00472 24 .0454 000091 








29. A Foucault Pendulum with Constant Amplitude. R. 
M. LANGER, California Institute of Technology.—A Foucault 
pendulum of period 7.1 sec. and an amplitude of about 10 
degrees is supplied with energy from an electromagnet 
during part of each upswing. The electromagnet devised 
by J. T. Barkelew is axially symmetrical and exerts a radial 
force on an armature attached to the pendulum suspension 
about 1 foot below the plane of the crossed knife edges on 
which the pendulum is supported. The force on the arma- 
ture is zero at the center and increases gradually with 
displacement from the center. The amount of energy sup- 
plied to the pendulum can be varied by changing the time 
during which the electromagnet is activated as well as by 
varying the current. The impulses are timed by the pendu- 
lum itself. When it reaches the vertical the circuit is closed 
by a photoelectric device. At a fixed time later a photo-cell 
operates relays which open the circuit. It takes less than 
20 watts to maintain constant amplitude of the pendulum 
although ten times as much could be furnished easily by 
this device. No appreciable change in motion of the bob 
results from the fairly weak and gradual impulses supplied 
in this way. The pendulum, designed largely by the late 
E. H. Kurth, is installed at the Griffith Observatory in 
Los Angeles. 


30. Propagation of Micro-Radio Waves. Pau. S. Ep- 
STEIN, California Institute of Technology.—As recent ex- 
periments by Marchese G. Marconi showed, micro-waves 
(of 50 cm wavelength) can be used for communication 
over distances several times larger than the range of recti- 
linear visibility. The question arises to what extent this is 
due to atmospheric influences. To answer this, the theory 
of propagation of such waves in the absence of any atmos- 
phere was developed. Marchese Marconi's observations 
are not quantitative, qualitatively they are in agreement 
with the intensities calculated from formulas completely 
neglecting the influence of the atmosphere. 


31. Relative Measurement of the Standing Wave Sys- 
tem in a Mechanically Blown Flute Tube. KR. W. YouncG 
AND D. H. LouGurince, University of Washington.—Data 
are presented showing the air motion within a mechanically 
blown flute tube. The exploring probe consists of a short 
heated platinum filament welded between two long wire 
supports so mounted that the probe may be drawn to any 
position within the tube. The average resistance changes 
of the filament are determined by a Wheatstone bridge, 
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and the periodic change by a suitably connected tuned audio- 
frequency amplifier. Measurements show an enormous 
cooling near the mouth end, indicative of a turbulent 
motion which soon dies off as the distance from the mouth 
increases. Beyond this, sinusoidal standing wave systems 
are observed, terminating in a sort of exponential decrease 
in velocity amplitude beyond the open end of the tube. 


32. A High Speed Oil Diffusion Pump.- Hiram W" 
Epwarps, University of California at Los Angeles.—The 
peculiarities of design in this pump are, the use of stream- 
lines in regions of high pressure and the introduction of 
small angle conical surfaces for baffles in the regions of 
lower pressures. The conical baffles are particularly effec- 
tive in preventing oi] vapor from entering the chamber to be 
evacuated and at the same time in offering a minimum of 
impedance to the flow of gas through the pump. A three 
inch pump with this design and operating on a Western 
mineral oil especially prepared for it in this laboratory has 
shown a pumping speed in excess of 50 liters per second at 
a pressure of 1.0 10-* mm. 


33. A Comparison of the Rotary Voltmeter and the 
Sphere Gap up to 830 Kilovolts. Joseru E. HENDERSON 
AND WiLsBurR H. Goss, University of Washington, and JOHN 
E. Rose, Tumor Institute of the Swedish Hospital, Seatile.— 
A rotary voltmeter similar to that described by Kirk- 
patrick has been built and utilized up to 830 kilovolts peak. 
The calibration was made using an 8000 volt d.c. generator. 
The instrument has proved to be a practical instrument for 
both voltage and wave form measurement in this region. 
A comparison of the voltages so measured with those indi- 
cated by a 75 cm sphere gap, positive sphere grounded, 
shows that the A. I. E. E. sphere gap standards need revi- 
sion downward, the error being about 7 percent at the 
highest voltage measured. The agreement between the 
rotary voltmeter and recent measurements of Meador, 
who utilized a crest voltmeter and transformer coil, is 
within the experimental error of both measurements. 


34. An Analysis of the Diurnal Variation of the Earth’s 
Potential Gradient. JosEpH G. Brown, Stanford Univer- 
sity.—A direct analysis of the diurnal variation of the 
potential gradient has been made from all available data. 
The unitary, or universal time component has been ob- 
tained from the ocean and polar observations. This has 
been subtracted from the observed variations to obtain 
the local variations. The local variations have been sepa- 
rated into two components. One component has the same 
form as the inverse of the diurnal variation of the virtual 
height of the ionosphere and is similar at all stations. 
The other component is a day-time depression which 
varies in magnitude and time of occurrence at the different 
stations and is assumed to be due to strictly local factors. 
While this analysis does not pretend to be exact, it is 
believed that it suggests the correct causes of the diurnal 
variation, viz.: an oscillation of the Earth's fluid as a unit, 
probably due to thunderstorms as suggested by Whipple; 
a wave of approximately simple harmonic form and 24- 


hour period, probably due to variation in height of the 
ionosphere, produced by the Sun's radiation; and a local 
depression, probably due to meteorological changes which 
affect the conductivity and space-charge distribution in 
the lower atmosphere. 


35. A New System of Nitrogen Bands. Josern KAPLAN, 
University of California at Los Angeles.—Four new bands, 
whose wavelengths are 2242, 2316, 2392 and 2472A, have 
been observed in the bulb of the discharge tube in’ which 
the Vegard-Kaplan bands were discovered. These bands 
were observed only at the lowest pressure at which a 
discharge could be produced. As the pressure was lowered 
the Vegard-Kaplan bands grew weaker and this new system 
increased in intensity. The van der Ziel and the two new 
ultraviolet systems reported by the author, were absent 
in this portion of the tube but were intense in the narrow 
part, although this new system is present in the narrow 
portion of the tube also. The bands degrade to the violet 
and are similar in appearance to the van der Ziel and the 
two other ultraviolet systems. All four systems increase 
in intensity with decreasing pressure. The lower state of 
this new system seems to be identical with the lower state 
of the three systems mentioned above, and it is probably 
a 'Z, level since the initial state of the van der Ziel system 
is a 'Z, level. If we assume that the lower state is identical 
with that of the van der Ziel bands, the four bands above 
are the (0,4), (0,5), (0,6) and (0,7), respectively. 


36. Preliminary Report on the Experimental Method of 
Detecting Anomalous Dispersion of Sound in Air in the 
Audible Range as a Function of Frequency and Humidity. 
Leo P. Detsasso AND Joun H. Munier, University of 
California at Los Angeles.—In the work of H. O. Kneser 
on the dispersion of sound in gases, the velocity of sound 
should show an increase in a certain frequency range, this 
range depending upon the particular properties of the gas 
in question. The apparatus has just been completed which 
should permit the dispersion of sound to be detected. The 
method used is in general that of Michelson and Hebb 
with a number of refinements which have been made to 
increase the accuracy to the highest degree. 


37. The Mechanism of the High Velocity of Propagation 
of Lightning Discharges. A. M. Cravatu anv L. B. Logs, 
University of California.—Observations by Schonland and 
Collens (Proc. Roy. Soc. Al43, 654 (1934) with Boys’ 
camera show that the luminous tip of the leader stroke 
of the lightning discharge advances with a high velocity 
sometimes exceeding 3X 10° cm per second. From the fact 
that electrons traveling 10° cm per second produce about 
6000 new electrons per cm of actual path and that 6000 
new electrons per cm in the direction of the field (ie., 
a =6000) requires 4 10* volts per cm shows that to give 
the electrons a velocity in the direction of the field of 
10° cm per second would require a field exceeding 4X 10° 
volts per cm even at the tip of the stroke. The fields, and 
therefore the electron velocities, are certainly far less than 
this value. Accordingly the velocity of the tip greatly 
exceeds the velocity of the electrons in the tip. It is possible 
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to account for this velocity as follows: Calculations based 
on justified assumptions concerning the conditions known 
to exist in a lightning stroke show that if the field just 
ahead of the tip averages 10° volts per cm for about one 
centimeter, ionization by collision by the electrons present 
in the gas before the stroke would be great enough to 
advance the tip at the observed rate. Such a field is found 
not too high to be consistent with the low conductivity of 
the leader path. In this way a propagation of the leader 
stroke of a velocity many times higher than the velocity 
of the electrons can be attained. 


38. Forces Between Nuclear Particles. W. \. Houston, 
California Institute of Technology.—The interaction be- 
tween a nucleus and a positive particle is usually schema- 
tized by a potential energy which is that of a coulomb field 
into distances of the order of 10~ cm and which falls off 
rapidly toward a minimum at the center of the nucleus. 
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This minimum may be either positive or negative. A 
number of nuclear phenomena can be accounted for roughly 
as due to the passage of the positive particles through the 
potential barrier thus postulated. It is perhaps worth 
while to point out that very similar calculations can be 
made, on the basis of a purely repulsive potential, by 
making use of the negative energy levels which are char- 
acteristic both of Dirac’s theory and the scalar relativistic 
equation. As soon as the potential energy is greater than 
E+mce* the solutions of the wave equation are oscillating, 
Thus positive particles could exist inside the nucleus in a 
state of positive total energy but negative kinetic energy. 
They could then leak through to the outside in the usual 
way. If a purely coulomb field is used, the lifetime of such 
a state is very long. If the potential is assumed to rise very 
rapidly at about the usual nuclear radius it is possible to 
get the ordinary formulae for radioactive decay which 
depend upon the radius assumed. 
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